
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This file is part of the following reference: 

 

Ganesalingam, Dhanya (2013) Consolidation properties 

of recent dredged mud sediment and insights into the 

consolidation analysis. PhD thesis, James Cook 

University. 

 

 

 

Access to this file is available from: 

 

http://eprints.jcu.edu.au/29581/ 

 
 

 
The author has certified to JCU that they have made a reasonable effort to gain 

permission and acknowledge the owner of any third party copyright material 

included in this document. If you believe that this is not the case, please contact 

ResearchOnline@jcu.edu.au and quote http://eprints.jcu.edu.au/29581/ 

 

ResearchOnline@JCU 

http://eprints.jcu.edu.au/29581/
mailto:ResearchOnline@jcu.edu.au
http://eprints.jcu.edu.au/29581/


 

 

CONSOLIDATION PROPERTIES OF RECENT DREDGED 
MUD SEDIMENT AND INSIGHTS INTO THE 

CONSOLIDATION ANALYSIS  

 

 

 

 

Thesis submitted by 

Dhanya Ganesalingam B.Sc Eng  

17th April 2013 

 

 

 

 

 

In partial fulfilment of the requirements for the degree of 

 Doctor of Philosophy 

in the School of Engineering 

James Cook University 

 

Academic Advisor: Dr.Nagaratnam Sivakugan  



ii 

 

STATEMENT OF ACCESS  

 

 

 

I , the undersigned, the author of the thesis, understand that James Cook University 

will make it available for the use within the University Library and, by microfilm or 

other means, allow access to users in other approved libraries. 

 

All users consulting this thesis will have to sign the following statement: 

In consulting this thesis, I agree not to copy or closely paraphrase it in whole or 

in part without the written consent of the author, and to make proper public 

written acknowledgement for any assistance which I have obtained from it. 

Beyond this, I do not wish to place any restriction on access to this thesis. 

 

 

 Signature  Date 

  



iii 

 

STATEMENT OF SOURCES 

 

 

 

DECLARATION 

 

 

I declare that this thesis is my own work and has not been submitted in any form for 

another degree or diploma at any university or other institution of tertiary education. 

Information derived from the published or unpublished work of others has been 

acknowledged in the text and a list of reference is given. 

 

 

 Signature  Date 

  



iv 

 

Acknowledgements 

 
The author wishes to thank: 

 

Associate Professor Nagaratnam Sivakugan, who is my academic supervisor and teacher, 
thanks a lot for your continuous support throughout the three and a half years.   

My associate supervisor, Dr.Wayne Read, I am grateful for your assistance.  

Warren O’Donnell, Senior Engineering Technician, your help and support is greatly 
appreciated.  

Jay Ameratunga, Senior Principal, Coeffey Geotechnics – thanks a lot for your review and 
valuable feedback on the conference and journal articles.  

The cash and in-kind support provided by the Australian Research Council, Port of Brisbane 
Pty Ltd and Coffey Geotechnics are gratefully acknowledged.  

My family – Amma, Appa, Suba, Chinthu, Nivena and Apara 

And last but not least, the JCU family – Paula, Melissa, Alison, my colleagues & friends 
from the postgrad precinct at JCU and my besties Devagi, Sepideh and Katja.  

 

 

 

  



v 

 

 

 

 

 

 

 

 

 

This work is dedicated to my family, teachers and friends  



vi 

 

Abstract  

Within the past few decades, increased population and infrastructure development have 

necessitated planning the development activities on soft soil deposits. In addition to treating 

the existing soft soils, new land areas are formed in the sea in order to expand the adjacent 

facilities such as Airports and Ports. Land reclamation projects are increasingly carried out 

in a sustainable way by reusing the maintenance dredged mud as filling materials.  There are 

number of large scale land reclamation projects, where maintenance dredged mud is utilised 

to fill the reclamation site, such as Port of Brisbane expansion project, offshore expansion 

project at Tokyo international Airport and Kansai international airport development project, 

to name few.  

Soft soils show poor load bearing capacity and undergo large settlement under a load 

application, thus they should be consolidated prior to the commencement of construction 

activities. The soft layers are preloaded in conjunction with prefabricated vertical drains 

(PVD) to speed up the consolidation process. In the case of land reclamation works, the 

dredged mud slurry is first allowed to undergo sedimentation before it is consolidated.  

Reliable analysis of time dependent consolidation process and settlement of the soil layer is 

important to plan ahead the construction activities.  Accurate consolidation analysis requires 

appropriate theories, tools and understanding of the subsoil conditions. Several consolidation 

theories have been developed to model the consolidation mechanism of soils 

mathematically, which are solved with boundary conditions relevant to the practical problem 

to produce mathematical solutions. In the absence of simplistic mathematical solutions, 

empirical equations and approximations are used to predict the time dependent consolidation 

and settlement of soil layer. This dissertation focuses on enhancing the consolidation 

analysis of soft soil layers by the critical review of existing solutions available for the 

consolidation analysis of single and multi-layers.  

The standard mathematical solutions available for the radial consolidation of soil layer were 

developed considering a uniform initial excess pore water pressure distribution in the soil 

layer. The potential non-uniform excess pore water pressure distributions that can practically 

occur were not incorporated in the solutions. Within this dissertation, the effect of different 

non-uniform pore water pressure distributions on the radial consolidation behaviour of a soil 
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layer, where the pore water flow is radially outwards towards a peripheral drain, is analysed 

through a mathematical study. Graphical solutions are developed for the average degree of 

consolidation and pore water pressure and degree of consolidation isochrones are plotted. 

To analyse the time dependent consolidation behaviour of multi-layered soil, empirical 

equations and approximations have been developed to overcome the difficulties associated 

with the complex mathematical solutions. These approximations do not have any sound 

theoretical basis and thus have limitation in their application. Another objective of the 

dissertation is to investigate the applicability of selected approximation in the consolidation 

analysis of double layer soil considering different properties, thicknesses and drainage 

conditions. For this, an error analysis is conducted utilising the advanced soft soil creep 

model in PLAXIS. One-dimensional consolidation of a double layer system is 

experimentally modelled in the laboratory. The consolidation tests are simulated in PLAXIS 

to validate the soft soil creep model. Further, expressions are proposed for the equivalent 

stiffness parameters of a composite double layer system, which was verified using the results 

obtained from the experiments and PLAXIS modelling.  

Sedimentation of soft soil is common in the land reclamations works carried out using 

dredged mud as filling materials. The initial conditions of the soft soil slurry, such as the 

water content and salt concentration, influence the settling pattern of particles during the 

sedimentation. This dissertation presents the extensive laboratory studies conducted to 

investigate the effect of settling patterns of particles in the final properties of the dredged 

mud sediment. In the experiments, dredged mud is mixed with sea water and freshwater at 

different water contents to induce various settling pattern of particles reflecting the 

sedimentation environment. Series of oedometer tests are conducted for the radial 

consolidation and vertical consolidation and the compressibility and permeability properties 

are assessed. From the results the depth variation of the sediment properties and anisotropy 

between the horizontal and vertical properties are evaluated for the different settling 

patterns. 

Further, the dissertation presents a new estimation method to calculate the horizontal 

coefficient of consolidation from the radial consolidation tests conducted using a peripheral 

drain. The proposed method was validated using series of radial consolidation tests, which is 

described in this dissertation.   
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 Introduction Chapter 1.

1.1. Background 

As quoted in Taylor (1962), consolidation is a gradual process involving drainage, 

compression and stress transfer in the soil body. When a saturated soil layer is subjected to a 

load, the resulting stress increment is initially carried by the pore water presence in the voids 

within the soil layer. With time, the pore water flows out enabling compression of the soil 

layer.  As a result, the soil grains come into close contact with each other, which increases 

the shear strength of the soil body and the load is gradually transferred to the soil grains.  

Application of consolidation is crucial when development projects are planned on fine 

grained soft soils. Soft soil layers exhibit very low load bearing capacity and undergo 

excessive settlement under the application of load, which happens slowly over a long 

duration. Other than the primary consolidation settlement, the long term secondary 

compression is another significant part of the settlement in soft soils. Thus prior to 

commencing the constructions activities, the softs soils are ‘treated’ with consolidation by 

applying preloading, in order to stabilise them and minimise the post construction 

settlement. Fine grained soft soils exhibit very low permeability. Therefore vertical drains 

are installed which speed up the consolidation by shortening the drainage path of the pore 

water in the radial direction.  

Similar treatment method is applied in the land reclamation works using dredged mud. An 

example is the land reclamation carried out for the Port of Brisbane expansion project, in 

Queensland, Australia. The dredged mud excavated during the maintenance dredging works 

is reused to fill the site. The mud is mixed with sea water at high water content and pumped 

into the reclamation site. The slurry is initially allowed to undergo sedimentation and 

thereafter consolidated with preloading and vertical drain system.  

Reliable analysis of time dependent consolidation process and settlement of the soil layer is 

important to plan ahead the construction activities.  Inadequate consolidation will lead to 

excessive post construction settlement damaging the structures.  

Accurate consolidation analysis requires appropriate theories, tools and understanding of the 

subsoil conditions. Several consolidation theories have been developed to model the 
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consolidation mechanism of soils mathematically. In 1925, Karl Terzhagi proposed the 

classical one dimensional consolidation theory. Since then, many advancements have been 

made regarding the theoretical consolidation analysis. Biot (1941) developed a framework 

for the three-dimensional consolidation theory. Gibson et al. (1967) came up with a large 

strain theory for the consolidation of slurry like soils. Despite these advancements, 

Terzhagi’s one dimensional consolidation theory is considered as an extremely useful 

conceptual framework in geotechnical engineering, because of its simplicity and proven 

accuracy. Further extension of the consolidation theory to incorporate two dimensional pore 

water flow is applied to analyse the radial consolidation with vertical drains (Carrillo 1942 

and Barron 1948).   

Consolidation theories are expressed in the form of partial differential equations and solved 

by applying one or more boundary conditions relevant to the practical problem. The 

mathematical solutions are mostly provided in a generalised series solution form. At some 

instances the solutions are represented by tabulated charts and plots, which are more useful 

to the practicing engineers and clearly define the trend of time dependent consolidation. In 

the absence of such simplified mathematical solutions, engineers use empirical equations 

and approximations for the consolidation and settlement analysis, which might not have any 

theoretical basis, thus their limitations should be recognized before application. Numerical 

modelling incorporating advanced constitutive models are beneficial when complex subsoil 

profile and boundary conditions are involved. Validating the results of numerical modelling 

against the actual measurement is necessary to define the constraints associated with the 

formulation of such constitutive models.  

Apart from the consolidation theories and tools discussed, consolidation analysis 

necessitates precise assessment of the subsoil profile, engineering properties and stress state 

of the individual soil layers. Engineering properties of intact soils are estimated from in situ 

and laboratory tests conducted on the undisturbed specimens. When dealing with young soft 

soil sediment, similar to the dredged mud fill in the land reclamation project, proper 

knowledge related to the influence of sedimentation pattern on the final properties of 

dredged mud fill is necessary. This is because the dredged mud is remoulded and pumped 

into the reclamation site. Thus prior in-situ or laboratory tests are not feasible to assess the 

properties of the resulting sediment. This information is required when designing preloading 
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and vertical drains system and also to predict the time dependent consolidation and 

settlement.  

1.2. Objectives of the project  

The present study is oriented towards reviewing the existing consolidation theories, 

mathematical solutions and approximations available for the time dependent consolidation 

analysis and settlement analysis of single and multi-layered soft soils. Focus was given to 

enhance the consolidation analysis by developing new solution charts and investigating the 

limitations of approximations suggested.   

Another main objective of the study is to examine the settling pattern of soil particles during 

the sedimentation of dredged mud slurry, and evaluating its influence on the properties of 

the final sediment. Together, a new method was developed to estimate the horizontal 

coefficient of consolidation from the laboratory radial consolidation tests with a peripheral 

drain.  

In saturated soils, the application of load increment induces a pressure rise in the pore water 

presence in the voids. The mathematical solutions for the radial consolidation presented so 

far were developed considering that the pore water pressure is uniformly distributed 

throughout the soil layer. In the present study, attention is given to analyze the effect of non- 

uniform pore water distribution in the radial consolidation behavior of soil layer, where the 

pore water flow happen radially outwards towards a peripheral drain. A mathematical study 

is conducted based on the extension of Terzhagi’s one dimensional consolidation theory for 

the two dimensional radial flow. Plots are presented for the time varying average degree of 

consolidation and for the pore water pressure dissipation occurring at different points in the 

soil layer.   

Extensive mathematical solutions are available to describe the one-dimensional 

consolidation of multi layered soils. However, the application of these solutions in a 

practical problem is inconvenient since they are presented in an advanced series solution 

form. In 1982, US Department of Navy proposed an approximation to analyze the average 

degree of consolidation of multi layers; however this approximation does not have any 

theoretical background. In the present study the limitation of the US Navy approximation is 

investigated through an error analysis, using numerical modeling incorporating the advanced 
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soft soil creep model in PLAXIS (Version 8.0, 2010). The study was restricted to the 

consolidation of double layer soil. One dimensional consolidation of a double layer system 

is modeled experimentally, the results of which are used to validate the soft soil creep model 

of PLAXIS and to develop equivalent stiffness parameters of the composite double layer 

system.  

In land reclamation works similar to the Port of Brisbane expansion project, dredged mud is 

placed in slurry form at high water content at the reclamation site and allowed for 

sedimentation.  The settling pattern of soil particles during sedimentation influences the 

homogeneity of the sediment in terms of the particle size distribution. In addition, the 

settling pattern affects the nature of fabric (i.e association between the particles) in the 

sediment. The effect of settling pattern on the homogeneity of the sediment properties were 

not studied in detail in the previous studies and the anisotropy that can exist between the 

horizontal and vertical properties were not analyzed. Detailed experimental study is 

conducted to investigate this in the current study, using the dredged mud samples obtained 

from Port of Brisbane reclamation site. Dredged mud slurry was prepared with natural sea 

water and freshwater to induce different settling pattern of particles. Following 

sedimentation and consolidation of dredged mud slurry, specimens were extruded to 

undertake range of oedometer tests both with vertical and radial consolidation.  

In the present study several radial consolidation tests are conducted using a peripheral drain. 

Only few curve fitting methods are available to estimate the coefficient of consolidation (ch) 

for the peripheral drain case. Another scope of the current study is to propose a simple and 

quick method to estimate the ch from the laboratory tests. An ‘inflection point method’ is 

introduced which does not include any curve fitting procedure to calculate ch.  

1.3. Relevance of research  

Any holistic consolidation theories and their solutions can be of little relevance to the 

practical problems, if they are not presented in a simplified form. In that case, the solutions 

charts presented for the time dependent radial consolidation of a soil layer draining towards 

a peripheral drain can be useful when similar practical situations are encountered. This 

situation can occur commonly in ports and waterways where the dredged spoils are pumped 

into the containment paddocks enclosed with bunds made from rock and sand, for land 
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reclamation. Similar situation may occur in the case of stockpiles or footing load placed on 

top of a clay layer underlain by an impervious stratum, where the drainage is essentially 

radially outwards. 

The empirical equations and approximations can be a simplistic alternative for the complex 

mathematical solutions available for the consolidation analysis of multi-layered system. 

However erroneous results are produced when they are utilised without the knowledge on 

their limitation. The present study analyses the application of US Navy approximation in 

double layer consolidation under various conditions. The percentage of error is presented in 

plots and tables, which can be beneficial for the practicing engineers. From the experimental 

modelling of the consolidation of double layer, equivalent stiffness parameters for the 

composite double layer system are proposed. This facilitates estimating the primary 

consolidation settlement of any composite double layer system under a load increment.   

The investigation carried out on the influence of settling pattern of particles in the final 

sediment properties has close application in the land reclamation works using dredged mud 

as filling materials. The study assesses the homogeneity in the properties along the depth of 

the sediment. Young sediment shows random particles arrangement, thus the properties such 

as coefficient of consolidation and permeability are considered isotropic. The proposed 

study examines this assumption and aimed to report any anisotropy that exist between the 

horizontal and vertical consolidation properties and its variation with vertical stress, which 

could be beneficial in the land reclamation projects carried out in saltwater and freshwater 

environment.  

Laboratory tests are carried out using oedometer and Rowe cell to assess the coefficient of 

consolidation and permeability of soil specimens. Radial consolidation tests conducted using 

a central drain is a widely accepted testing method to estimate the horizontal coefficient of 

consolidation ch. However, radial consolidation test with peripheral drain is rarely used for 

estimating ch. This could be due to the limited literature available on the test procedure and 

the very few curve fitting method proposed for calculating ch from the test data. A series of 

radial consolidation tests with peripheral drain are conducted in the present study and 

detailed specimen preparation and test method are reported to serve for future reference. 

When dealing with abundant laboratory data, using the standard curve fitting procedure 

proposed to estimate ch can be time consuming. An alternative simple estimation method is 
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developed in the current study to calculate ch from the radial consolidation tests with 

peripheral drain and its accuracy is validated through number of experimental data.  

1.4. Organisation of thesis 

This chapter introduces the problem statement of the research, objectives and relevant 

application of the findings. 

The following Chapter 2 outlines Terzhagi’s one dimensional consolidation theory and the 

standard mathematical solutions are presented. It also discusses the extension of Terzhagi’s 

theory to study the radial consolidation and advancements made in the solutions 

incorporating several factors, boundary conditions and non-uniform pore water pressure 

distribution. An overview of the Port of Brisbane land reclamation project is given, together 

with the site conditions, treatment methods and properties of the dredged mud fill and in-situ 

soils. The past studies performed on the settlement pattern of clay particles in a clay- water 

suspension is summarised in combination with the factors influencing the settling pattern. 

The effect of settling pattern on the association between the particles (i.e fabric) in the final 

sediment is discussed. Detailed review of the experimental studies conducted on the 

properties of young sediment is given. The extensive mathematical studies performed on the 

consolidation behaviour of multi layered soil are discussed. The empirical equations and 

approximations developed for the consolidation analysis of multi-layer is provided. Finally 

the features of advanced soft soil creep model offered by PLAXIS are outlined.  

Chapter 3 explains the mathematical study conducted to analyse the effect of non-uniform 

pore water pressure distribution on the radial consolidation behaviour of the soil layer with a 

peripheral drain. Different non-uniform pore water pressure distribution patterns practically 

occur are discussed. The formulation of mathematical solution is provided. The effect of the 

non-uniform pore water pressure distribution pattern on the time dependent radial 

consolidation is discussed using the plots developed for the average degree of consolidation 

and pore water pressure dissipation.  

Chapter 4 details the experimental study conducted on dredged mud sediment which was 

formed by sedimentation and consolidation of dredged mud slurry. Detailed procedure of the 

sedimentation and consolidation is provided together with the specimen preparation for the 

oedometer tests. The results obtained for the consolidation and compressibility properties are 
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analysed in detail and a discussion is provided on the influence of settling pattern of 

particles in the sediment properties. The chapter also summarises similar tests performed on 

another dredged mud obtained from Port of Townsville to confirm the results.  

The development of the inflection point method to estimate the horizontal coefficient of 

consolidation ch from the radial consolidation tests with a peripheral drain is demonstrated in 

Chapter 5. The theoretical background of the proposed method is explained and the 

procedure is outlined. The accuracy of the inflection point method is validated by comparing 

the predicted data with the experimental data. Finally, the coefficient of consolidation 

estimated from the inflection point method was compared with the values obtained from 

conventional curve fitting procedure and recommendations are made.  

Chapter 6 describes the experimental modelling of the one dimensional consolidation of 

double layer system. The numerical simulation of the experimental modelling using soft soil 

creep model in PLAXIS is detailed, together with the comparison of results obtained from 

both experiments and PLAXIS. The development of equivalent stiffness parameters for the 

composite double layer system is outlined which is validated from the experimental data. 

Lastly, the error analysis of the US Navy approximation is presented. The error arose from 

the US Navy approximation is discussed for the various conditions of double layer system.  

And finally Chapter 7 gives the summary of the work done, discusses the main findings and 

provides recommendations for future research.  
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 Literature Review Chapter 2.

2.1. Consolidation theory 

When a saturated soft soil is subjected to a pressure increase ‘∆σ’, the pore water presence in 

the voids between the soil grains will see an increase from the hydrostatic equilibrium  

pressure, which is referred as the ‘excess pore water pressure’ and denoted by ‘u’. As a 

result, the pore water will start flowing out of the soil body towards the free draining 

boundaries to reach the hydrostatic equilibrium pressure. During this process, the pressure 

‘∆σ’ is gradually transferred to the soil skeleton, which increases the inter granular pressure 

σ
’
v (i.e effective stress). As the pore water dissipates, the soil body gets compressed. When 

the pore water is fully dissipated (at time = ∞), u becomes zero and the entire load ‘∆σ’  is 

transferred to the soil skeleton (∆σ’
v = ∆σ).  

The governing differential equation for one dimensional consolidation is expressed in Eq. 

2.1, which was first developed by Terzhagi (1925).  

2

2v

u u
c

t z

∂ ∂=
∂ ∂          (2.1) 

where, cv is the coefficient of consolidation of the soil layer in the vertical direction, given 

by Eq. 2.2. k and mv are the permeability and volume compressibility of the soil skeleton 

respectively. The derivation method of Eq. 2.1 can be found in Holtz and Kovacs (1981), 

Lancellotta (2009) and Taylor (1962).  

v
v w

k
c

mγ
=          (2.2) 

The expression in Eq. 2.1 relates the change in the excess pore water pressure u at an 

arbitrary depth z in a consolidating soil layer, with time t (Fig. 2.1). In Terzhagi’s one 

dimensional consolidation theory, the pore water flow and compression of the soil body is 

assumed to be one dimensional. The theory is based on further assumptions. The soil body is 

assumed to be homogeneous and completely saturated. The compressibility of soil grains 

and pore water is neglected. The validity of Darcy’s law is accepted. During consolidation, 

the change in the properties of the soil is neglected, since the strains are considered to be 

relatively small (Taylor 1962). Therefore Terzhagi’s one dimensional consolidation theory is 
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not applicable for consolidation involving large strains in the soil body.  The large strain 

model developed by Gibson et al. (1967) is a further advancement from Terzhagi’s theory, 

which is appropriate to deal with the initial stages of the consolidation of soil slurries. 

  

Fig. 2.1 Saturated soil layer under load application  

In 1942, Carrillo proposed the differential equation for the three dimensional flow of pore 

water, where the relationship between the excess pore pressure u at a point (x,y,z) in the 

three dimensional space and time t is given by Eq. 2.3.       

2 2 2

2 2 2v

u u u u
c

t x y z

 ∂ ∂ ∂ ∂= + + ∂ ∂ ∂ ∂         (2.3) 

When the three dimensional flow is symmetrical about an axis, as in the case of drainage 

towards a central drain, Eq. 2.3 is modified intoEq. 2.4.  

2 2

2 2

1
h v

u u u u
c c

t r r r z

 ∂ ∂ ∂ ∂= + + ∂ ∂ ∂ ∂ 
     (2.4) 

where, ch is the coefficient of consolidation in the horizontal or radial direction.    

If the pore water flow in the radial direction is along the horizontal planes perpendicular to z 

axis only, the component for one dimensional consolidation (i.e vertical consolidation) in 

Eq. 2.4 is excluded and the expression in Eq. 2.5 is produced.  

2

2

1
h

u u u
c

t r r r

 ∂ ∂ ∂= + ∂ ∂ ∂ 
        (2.5) 

Z 

pwp ‘u’ 

Δσ 

H 
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Thus, a three dimensional radial flow described in Eq. 2.4 can be resolved intolinear or one 

dimensional flow (Eq. 2.1) and a plane, radial flow (Eq. 2.5). Eq. 2.1 and 2.5 form the basis 

for the settlement analysis of the soil layer subjected to one dimensional consolidation and 

radial consolidation incorporating vertical drains. Solving the differential equation for one 

dimensional consolidation in Eq. 2.1 with appropriate initial and boundary conditions (Table 

2.1), the excess pore water pressure at any depth z and time t is expressed by Eq. 2.6 (Holtz 

and Kovacs, 1981; Lancellotta, 2009 and Taylor, 1962).  

2

0
0

2
( , ) sin( )

m
M T

m

u z t u MZ e
M

=∞
−

=

= ∑       (2.6) 

where, u0 is the initial excess pore water pressure at time t = 0. M is equal to (π/2)(2m+1). Z 

is given by z/Hdr, where Hdr is the longest drainage path length within the clay layer. For 

example, in Fig. 2.1, if the soil layer is consolidating through the top surface only, the 

longest drainage path will be equal to the height of the layer (H).T is the time factor defined 

Eq. 2.7. 

2( )
v

dr

c t
T

H
=          (2.7) 

The expression for the excess pore water pressure in Eq. 2.6 is better illustrated by the pore 

water pressure isochrones. An example is shown in Fig. 2.2. The degree of consolidation at 

time t, which gives the percentage of dissipated pore water pressure from the initial pore 

water pressure, is defined by Eq. 2.8.  

0

0

( , )
( , ) *100%

u u z t
U z t

u

−=        (2.8)  

Using this expression, the average degree of consolidation at time t for the entire soil layer 

can be expressed by Eq. 2.9.   

0

0

0

( , )

( ) 1

z H

z
avg z H

z

u z t dz

U t

u dz

=

=
=

=

= −
∫

∫
       (2.9) 
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For one dimensional consolidation the integration given in Eq. 2.9 yields the expression for 

Uavg in Eq. 2.10.  

22
( ) 1 M T

avg o
U t e

M

∞ −= −∑        (2.10) 

Uavg – T plots (Fig. 2.3) have useful application in the consolidation analysis to predict the 

total settlement of the soil layer at a specific time t. Uavg can be alternatively expressed by 

Eq. 2.11, where s(t) is the settlement at time t and s100 is the total settlement at the end of the 

consolidation.   

100

( )
( )avg

s t
U t

s
=         (2.11) 

 

Fig. 2.2 Excess pore water pressure isochrones for a doubly drained soil stratum of thickness 

2d 

Barron (1948) introduced solutions for the governing equation for radial consolidation (Eq. 

2.5) considering the consolidation of a circular soil draining towards a central drain (Fig. 

2.4). The solutions are based on the ‘equal strain’ condition, where the strain at any point on 

a horizontal plane of the soil is uniform when a vertical load is applied. The expression for 

Excess pore water pressure u/u0 

Direction of pore 

water flow 
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the excess pore water pressure u is given in Eq. 2.12 which does not take into account the 

effects of smear or well resistance at the drain1. The letter symbols are defined in Fig. 2.4. Tr 

is the time factor for radial consolidation given by cht/de
2. 

( )2 2

20
2

4
( , ) ln

( ) 2
w

e
e w

r ru r
u r t r

d F n r

λε  − 
 = − 
   

     (2.12) 

8

( )
rT

F n
λ −=          (2.13) 

2 2

2 2

3 1
( ) ln( )

1 4

n n
F n n

n n

−= −
−

       (2.14) 

 

Fig. 2.3 Uavg – T plot for one dimensional consolidation 

 

Fig. 2.4 Circular soil layer with a central drain 

                                                           
1
Related discussions are included in the applications of vertical drains in section 2.3.4 

de =2*re 

Drain spacing ratio 

(n)=re/rw 
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The average degree of consolidation for radial consolidation with central drain is given by 

Eq. 2.15, which produces unique Uavg - Tr plots for the different values of drain spacing ratio 

‘n’.  

8
1 exp

( )
r

avg

T
U

F n

 = − − 
 

       (2.15)   

Barron (1948) proposed mathematical solutions for the radial consolidation under ‘free 

strain’ condition as well, with or without the effect of well resistance and smear effects. In 

the ‘free strain’ conditions the vertical stress under a load is transferred on to the horizontal 

plane of a soil layer uniformly, while the vertical strains will be non- uniform. The 

mathematical solutions for the free strain condition are tedious when compared to the ‘equal 

strain’ condition. However it has been shown that the difference between the results 

obtained from ‘equal strain’ and ‘free strain’ conditions is small, especially for n>10 

(Richart, 1957). 

Eqs. 2.10 and 2.15 individually give the mathematical solutions for the average degree of 

consolidation for the one dimensional flow and plane radial flow of pore water. Carrillo 

(1942) proposed Eq. 2.16 for the average degree of consolidation produced from the 

combined effect of one dimensional and radial flow.   

1
(100 %) (100 ( ) %)(100 ( ) %)

100avg avg z avg rU U U− = − −     (2.16) 

where, (Uavg )z and (Uavg)r are the average degree of consolidation by the one dimensional 

flow and the plane radial flow given in Eqs. 2.10 and 2.15 respectively. Barron (1948) and 

Richart (1957) suggested Eq. 2.17 for the excess pore water pressure u(t) at any point in the 

soil layer, for the combined three dimensional radial flow.  

0

( , )* ( , )
( )

u z t u r t
u t

u
=

        (2.17) 

where, u(z,t) and u(r,t) are the excess pore water pressure for the one dimensional flow and 

radial flow defined by Eqs. 2.6 and 2.12 respectively. 

The application of radial consolidation theory is more pronounced in the consolidation of 

soft soils with vertical drains, where the pore water flows radially inwards. Limited 
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mathematical solutions are available for the radial consolidation towards a peripheral drain, 

where the pore water flows radially outwards. These solutions are incorporated in estimating 

the horizontal coefficient of consolidation from the laboratory radial consolidation tests 

conducted in the oedometer or Rowe cell using a peripheral drain. The general mathematical 

solution for the radial consolidation with a peripheral drain is given in Silveira (1953) and 

McKinaly (1961). The Uavg – Tr relationship is expressed by Eq. 2.18.  

2
2

1

1
( ) 1 4 exp( )

n

avg n r
n n

U t B T
B

=∞

=

= − −∑       (2.18) 

Tr is given by cht/R
2, where R is the radius of the soil layer. Bn is the nth root of Bessels 

equation of zero order.  

The solutions produced by Terzhagi (1925) and Barron (1948) were further developed later 

taking in to account the effects of constant rate of applied loading (Schiffman 1958; 

Sivakugan and Vigneswaran 1991; Zhu and Yin 1998, 2004 and Leo 2004), partial drainage 

boundaries (Gray 1945; Chen et al. 2004 and Lee et al. 1992), decrease in the permeability 

and compressibility of the soil skeleton (Xie et al. 2002; Davis and Raymond 1965; 

Schiffman 1958; Berry and Wilkinson 1969 and Indraratna et al. 2005a). Despite of these 

advancements, the earliest solutions introduced for Terzhagi’s equation and Barron’s 

solutions are still broadly accepted by the practicing engineers because of the simplicity and 

acceptable accuracy in predicting the time rate of settlement and consolidation. Further, the 

solutions are available in the form of tabulated charts and plots which have been replicated 

in many text books (Holtz and Kovacs 1981; Taylor 1962; Lancellotta 2009 and US 

Department of the Navy 1982).  

2.2. Non-uniform distribution of applied load and excess pore water pressure 

distribution 

The governing differential equations for the one dimensional consolidation and radial 

consolidation are solved with appropriate initial and boundary conditions. Some of these 

boundary conditions are listed in Table 2.1. The principal analytical solutions given by 

Terzhagi (1925) and Barron (1948) are based on the assumption that the initial excess pore 
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water pressure (at t = 0) is uniformly distributed throughout the soil layer and induced under 

an instantaneously applied load. 

Table 2.1 Boundary Conditions 

Boundary Condition Expression 

At time t = 0 u = u0 

At free draining boundaries  u = 0, for  t  ≥  0 

At impermeable boundaries du/dr or du/dz = 0 for t  ≥  0 

 

In reality, when a load increment is applied to a saturated soil layer, by means of preloading, 

embankment or through foundation elements, the resulting increment in pore water pressure 

throughout the underlying soil layer may not always be uniform. Pore water pressure 

distribution can take any form, depending on how the applied load is transferred to the soil 

layer. There are number of examples for the non-uniform distribution of applied load in the 

underlying soil layer. Boussinesq (1885) first developed an equation (Eq. 2.19) for the 

vertical stress increment ∆σv at an arbitrary point in an elastic material below a point load.  

5
2 2
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2 1
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r
z

z

σ

π

∆ =
  +     

       (2.19) 

where Q is the magnitude of applied point load, z and r indicate the coordinates of the 

arbitrary point with respect to the point load (Fig. 2.5). Here the material below the point 

load is assumed to be elastic and extends to infinity in all directions. 

The equation was later modified by several others  for the vertical stress increment under the 

uniformly distributed load (Westergaard 1938; Newmark 1942; Foster and Ahlvin 1954; and 

Powrie 1997). Integrating Boussinesq’s equation, the vertical stress increase ∆σz at a depth z 

below the centreline of a circular uniform surcharge load of magnitude q and radius R is 

given by Eq. 2.20.  
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       (2.20)  

This is illustrated in Fig. 2.6. Based on the above principle, Newmark (1942) developed an 

influence chart to calculate the increase in vertical stress at any location within the soil mass 

due to the application of a uniformly distributed surface load of any shape. 

  

 

Fig. 2.5 Point load on elastic half face 

 

Fig. 2.6 Vertical stress increment under circular uniform surcharge load (Eq. 2.20) 

From the aforementioned works, it is evident that the vertical stress increment decays with 

depth and lateral distance from the centre point of an applied load. Surcharging or 

preloading is a common ground improvement technique adopted for consolidating fine 

grained soils. It is common to use soil, piled in the form of an embankment, as the preload. 

0

2

4

6

8

10

0 0.2 0.4 0.6 0.8 1

z/
R

Δσz/q

Q 

r 

z 



17 

 

The potential non-uniform distribution of such embankment load has been discussed in 

number of previous studies with little or no focus on the pore water pressures and 

consolidation process (Zhang 1999; Carothers 1920; Perloff 1975; Newmark 1942; and 

Foster and Ahlvin 1954). Other than in the above examples, vertical stress transferred to the 

soil through structures placed on the ground would be non-uniform and complicated owing 

to the complexity of the structure. 

The effect of non-uniform pore water pressure distribution has been taken into consideration 

to some extent in the one dimensional consolidation analysis. Lambe and Whitman (1969) 

demonstrated the effects of linearly increasing excess pore water pressure distribution over 

the depth of the soil layer arising from the sudden draw down of ground water level. There 

are number of other situations where the excess pore water pressure distribution can be 

approximated as linearly varying with depth. When a footing or ramp load is resting on a 

soft clay layer which is underlain by any pervious strata, the excess pore water pressure 

induced in the clay layer under the loading will be dissipating through its bottom. The excess 

pore water pressure will be the maximum at the top of the soil layer and zero at the bottom. 

Similar situation may occur when a tunnel is caved through a saturated soil layer. One-

dimensional consolidation behaviour of soil layer under triangular or inverse triangular pore 

water pressure distribution over the depth has been studied extensively under various 

circumstances (Powrie 1997; Zhu and Yin 1998; Singh and Swamee 2008; Singh 2005, 

2008; and Lovisa et al. 2010). In practical situations, a load increment is not applied 

instantaneously. During the time lag allowed until the load application is completed, some 

pore water pressure dissipation would have already occurred adjacent to the drainage 

boundaries. In one dimensional consolidation of soil layer, at the completion of load 

application the excess pore water pressure may take any special distribution pattern along 

the depth as shown in Fig. 2.7. Uavg - T charts have been developed for these sinusoidal 

initial excess pore water pressure distribution patterns (US Department of the Navy 1982). 

Although it should be noted that the distributions given in Fig. 2.7 are special cases. The 

actual distribution patterns will depend on number of factors, such as, rate of load 

application, duration of load application and the soil properties. The one dimensional 

consolidation theories later developed for constant rate of load application take these effects 

into account.    
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Fig. 2.7 Sinusoidal pore water pressure distributions for (a) doubly-drained (b) top drained 

and (c) bottom drained soil layer 

In the radial  consolidation theories developed to date, the effect of non-uniform pore water 

pressure distribution has been incorporated only in few instances. Radial consolidation 

theory is essentially applied in the consolidation of soft fine grained soils with prefabricated 

vertical drains, where the soil is preloaded with an embankment or vacuum preload. Barron 

(1948), Richart (1957), Carillo (1942), Yoshikuni and Nakando (1974), Hansbo (1981), 

Onoue (1988), Zeng and Xie (1989) and Indraratna et al. (2005a) presented various solutions 

for the consolidation of a unit cell with a central drain, assuming that the excess pore water 

pressure distribution at time = 0 is uniform. Indraratna et al. (2005b) considered the effect of 

linearly varying vacuum preload on the radial consolidation behaviour of soil layer treated 

with vertical drains.  

2.3. Port of Brisbane land reclamation project 

2.3.1. Introduction 

Dredging and land reclamation is a billion dollar industry asscociated with the ports 

throughout the coastal region of Australia. Maintenance dredging is carried out regularly in 

many major Australian ports and in some cases the dredged mud is reused as filling 

materials in the land reclamation works undertaken near the coast. The land reclamation 

works carried out in the Port of Brisbane (PoB) expansion project, Australia is one of the 

examples.The Port of Brisbane is located at the mouth of the Brisbane River at Fisherman 
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Islands, and it is the major port in the state of Queensland, Australia. In order to expand the 

port to accommodate additional facilities to meet the development expected in the next 25 

years, the Port of Brisbane has embarked on a land reclamation process adjacent to the 

existing land mass, which will ultimately see 235 ha of new reclaimed land area, at the 

completion of the project. The 4.6 km long rock and sand seawall constructed around the 

perimeter of the site in Moreton Bay bounds the area which is being reclaimed (Ameratunga  

et al. 2010a). The seawall extends up to 1.8 km into Moreton Bay (Fig. 2.8).  

Annually around 300,000 m3 of mud is extracted from the adjacent Brisbane River during 

the maintenance dredging works carried out in the navigation channel and berths. Land 

reclamation is undertaken by reusing these dredged materials in an environmentally friendly 

manner, as a way of disposing the dredged mud. The reclamation area is partitioned into a 

number of containment paddocks. Dredged mud is pumped into the containment paddocks 

in a slurry form of water content of at least 200 % and allowed to undergo self weight 

consolidation. Dredged mud is a weak, fine grained soil with predominantly 40% silt and 

50% clay constituents. The dredged mud fill is underlain by highly compressible in-situ 

Holocene clays (referred as ‘PoB clays’), with thickness varying from 9 m to as much as 30 

m. With such a large compressible thickness of both dredged fill and the underlying in situ 

Holocene clays, the total settlement under development loads during the primary 

consolidation will be significant. The secondary compression will be another considerable 

component of settlement to deal with. Considering the low permeability characteristics of 

the clays, the site is treated with preloading and vertical drains to accelerate the 

consolidation process and minimize the post construction secondary compression. 

2.3.2. Maintenance dredging operation 

Port of Brisbane employs two primary dredging vessels, namely, Trailing Suction Hopper 

Dredger (The Brisbane) and Cutter Suction Dredger (The Amity) (Fig. 2.9). A trailing 

suction hopper dredger (TSHD) trails its suction pipe while working, and loads the dredged 

spoil into the one or more hoppers in the vessel. ‘The Brisbane’ is used for the capital 

dredging (i.e for creating new harbour, waterways and berths), maintenance dredging (i.e for 

maintaining existing facilities deep enough) and reclamation works in Brisbane. Being 

capable of dredging to a maximum depth of 25 m, ‘The Brisbane’ is certified as an ocean 
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going dredger, where the dredged mud can be temporarily stored before being discharged. 

Its hopper has a capacity to hold about 2900 m3 of dredged mud before disposal. The 

dredged material is pumped through fixed and floating pipelines to the discharge area. In 

order to pump the dredged mud over longer distances conveniently, the water content of the 

mud is increased up to five times its in situ water content. ‘The Amity’ is a resident cutter 

suction dredger of Port of Brisbane, which is used for developing berths and reclamation at 

the river mouth. ‘The Amity” is occupied with a rotating auger tip at the suction inlet, to cut 

through a wide range of earth. The Amity dredges up to a depth of 17 m and transports the 

materials through both floating and shore pipelines.  

 

Fig. 2.8  Aerial view of the PoB reclamation site  

 

Fig. 2.9 Dredging vessels at the Port of Brisbane (a) The Brisbane (b) The Amity 
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2.3.3. Site conditions 

Bore holes tests and the results from the electric friction cones tests were undertaken to 

establish the subsurface profile throughout the future port expansion (FPE) area. A general 

subsoil profile found at the PoB reclamation site, together with the recent reclamation fills is 

illustrated in Fig. 2.10. The variation of the thickness of Holocene clay layer at the land 

reclamation site is illustrated in Fig. 2.11, which, at some locations, extends up to 30 m of 

depth. 

The upper Holocene clays generally consist of sand layers with interspersed soft clays and 

silts. In the lower Holocene clays the sand and silt layers are relatively few. The settlement 

rate in the upper Holocene layer is fast because of the presence of sand and silt seams, which 

accelerate the pore water pressure dissipation. The lower Holocene clay layer, on the other 

hand, controls the rate of settlement at the site, because of its greater thickness and the 

absence of sand layers to accelerate pore water pressure dissipation. The situation is 

exacerbated by the placement of fine grained reclamation materials which are significantly 

weaker than the underlying Holocene clays. The height of dredged mud placement varies 

from 7 m to 9 m, which is remoulded in a slurry form of water content varying between 200 

and 300 % and pumped into the containment paddocks. The dredged mud fill is then allowed 

to undergo sedimentation and self-weight consolidation. As the dredged materials are placed 

from the dredger using a single point discharge, the coarser particles may settle in the 

vicinity of the discharge outlet, while the finer particles are carried further away, resulting 

variable profile in the deposited materials.   

As both in-situ clays and dredged materials are highly compressible, settlement due to filling 

alone could be as high as 2 m even before any service loads are imposed. It is predicted that 

it would take as much as 50 years for the area to be consolidated considering surcharging as 

the only treatment option. Ground improvement by combined preloading and vertical drains 

is designed to accelerate the majority of expected primary settlement and limit the long term 

postconstruction settlement. The maximum vertical stress exerted under the development 

loads can vary over the site (15 kPa to 60 kPa) depending on the different purposes the land 

is used for. According to the design requirement of the Port of Brisbane, the long term 

residual settlement should not exceed 150 mm over a period of 20 years for applied 
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pressures up to 50 - 60 kPa in areas where the Holocene clay thickness is less but the 

settement limit is greater for the deeper Holocene clay areas. (Boyle et al. 2009).  

 

 

Fig. 2.10  Reclamation fill and subsurface profile at the PoB land reclamation site 

 

Fig. 2.11 Thickness of Holocene clays at the PoB land reclamation site (Boyle et al. 2009) 
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2.3.4. Design of pre loading and vertical drain system 

Considering the past case studies from Australia which witnessed the underperformance of 

vertical drains or ‘wick drains’ in accelerating the ground settlement of soft soils, Port of 

Brisbane Corporation (PBC) wanted to conduct several wick drain trials within the PoB 

reclamation site itself, before embarking on a full scale treatment (Berthier et al. 2009; 

Boyle et al. 2009 and Ameratunga et al. 2010a). In highly sensitive soft soils, the installation 

of wick drains causes disturbance to the soil around the perimeter of the drains, which is 

referred as ‘smear’. This results in reduction in strength and permeability of the soil in the 

disturbed area. For an early completion of consolidation process, placing the drains at closer 

spacing can be considered as an option. However the installation disturbance can be more in 

the soil. Therefore arriving at optimum drain spacing for the Holocene clays and dredged fill 

was one of the intentions of conducting the wick drain trials. The wick drain trials were 

implemented with number of wick drain type, filter type, spacing and configuration or grid 

patterns of the drains (Example in Fig. 2.12) to pick the best suited ones for the varying 

subsurface conditions across the reclamation site. At some locations the vertical drains has 

to be driven as deep as 30 m to consolidate the entire thickness of the Holocene clay layer. 

Vacuum consolidation system was considered more appropriate than the conventional 

preloading by embankments, especially for areas closer to the edge of the sea wall, where 

the slope stability of the sea wall may be an issue. The vacuum consolidation has several 

advantages, such as cost and time saving over the conventional preloading. The general 

arrangement of the vacuum consolidation method used for the trials is illustrated in Fig. 

2.13. The method consists of installing vertical and horizontal vacuum transmission pipes 

under an airtight membrane and sucking the air below the membrane, thus imposing a partial 

atmospheric pressure on the soil. The vacuum consolidation method is combined with 

conventional preloading, if necessary. The thickness of the applied preloading by 

embankments can vary depending on the thickness of the compressible soil layer that needs 

to be consolidated.  

Proper instrumentation comprising of piezometers, extensometers and deep settlement plates 

were installed in order to monitor the change of excess pore water pressure and settlement of 

the subsurface layers with time. The efficiency of the wick drain and vacuum consolidation 

system in accelerating the consolidation settlement was assessed from the time taken to 
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accomplish the consolidation. The expected post construction settlement was checked if it 

meets the design criteria.  

 

Fig. 2.12 Various arrangements of wick drains (a) Optimum triangular pattern (b) Square 

Pattern 

 

Fig. 2.13 Menard vacuum trial areas (Boyle et al.  2009) 

From the series of wick drain trials together with vacuum consolidation, it was concluded 

that the wick drains performed satisfactorily well in treating the dredged fill and Holocene 

(a) (b) 

‘R’- Radius 

‘S’ -Spacing 
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clays. Holocene clays were moderately sensitive to disturbance unlike the high sensitivity 

soft soils found in some regions of South East Queensland. In addition, vibratory installation 

methods were not adopted for installing the wick drains. Thus the clays were not prone to 

excessive smearing except at some areas where the drain spacing was too small.   

2.3.5. Design parameters 

Choosing appropriate soil properties is essential for the reliable prediction of the degree of 

consolidation and the settlement analysis of soil layers. Both horizontal and vertical 

consolidation parameters are required when vertical drains are used. The design strength and 

consolidation parameters incorporated at the reclamation site are estimated from in-situ and 

laboratory tests. In the absence of above data, correlations with physical properties of the 

clays (i.e Atterberg limits and natural water content) are used to assess the design 

parameters. Abundant data on the physical properties of clays are available at various depth 

levels across the reclamation site. Other than the above, back calculating the design 

parameters based on the data obtained from filed monitoring is another commonly adopted 

method. At some instances, the properties of other similar Queensland marine clays are used 

for preliminary assessment in the absence of adequate information.  

2.3.5.1 In situ tests  

Cone penetration tests 

The cone penetration test (CPT) is an in situ testing method used to determine the 

geotechnical engineering properties such as relative density and strength of soil and soil 

stratigraphy. The test method consists of pushing an instrumented cylindrical cone tip into 

the ground at a controlled rate (Fig. 2.14). During the penetration, the forces on the cone and 

the friction sleeve are measured. Modern frictions cones employed with sensors are referred 

as ‘electric friction cones (EFC)’, which convert the measurements intoactual properties via 

the data logging system.  

Most modern electric friction cones now also employ a pressure transducer with a filter to 

gather pore water pressure data. The filter is usually located either on the cone tip (position 

U1) or immediately behind the cone tip (position U2) or behind the friction sleeve (position 
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U3). The filters enable the measurement of excess pore water pressure dissipation to estimate 

parameters such as coefficient of consolidation and approximate permeability. CPT testing 

which gathers excess pore water pressure data is called as CPTu or piezocone dissipation 

testing.   

 

Fig. 2.14 Instrumented cylindrical cone 

In situ Vane shear tests 

The vane shear test is an in-situ geotechnical testing method used to estimate the undrained 

shear strength of fully saturated clays without disturbance.   The vane shear test apparatus 

consists of a four-blade stainless steel vane attached to a steel rod that will be pushed into 

the ground (Fig. 2.15). The test can be conducted either from the ground surface or from the 

bottom of a borehole or a test pit. The test starts by pushing the vane and the rod vertically 

into the soft soil. The vane is then rotated at a slow rate of 6° to 12° per minute. The torque 

is measured at regular time intervals and the test continues until a maximum torque is 

reached and the vane rotates rapidly for several revolutions. At this time, the soil fails in 

shear on a cylindrical surface around the vane. The rotation is usually continued after 

shearing and the torque is measured to estimate the remoulded shear strength of the soil. 

The undrained shear strength of the saturated soil is proportional to the applied torque and 

the dimensions of the vane. In addition to the shear strength values, Vane shear tests gives 

guidance for the sensitivity of the soil which is the ratio between the peak shear strength 

cu(paek) (shear strength of undisturbed soil) and the residual shear strength cu(res) (shear 

strength of remoulded soil.  
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Fig. 2.15 Typical vane used for the vane shear strength  

2.3.5.2 Physical Characteristics of the dredged mud and Holocene clays 

The index or physical properties of clays such as Atterberg limits (liquid limit (LL), plastic 

limit (PL) and linear shrinkage (LS)), natural water content wn, plasticity Index (PI) and 

liquidity index (LI)) are used in empirical relationships to assess the strength and 

compressibility properties of dredged mud. When significant amount of data is available on 

the physical properties over the site, it is feasible to use the empirical correlations, rather 

than laboratory testing on undisturbed samples which is laborious.   

In brief, the liquid limit (LL) and plastic limit (PL) of a particular soil represents the water 

contents at which the soil starts exhibiting liquid and plastic behaviour respectively. The 

plasticity index is the range of water content over which the soil exhibits plastic properties, 

which is given by the difference between LL and PL. The high PI value indicates that the 

soil is highly plastic (Fig. 2.16).  

 

Fig. 2.16 Atterberg limits illustration. 

Linear shrinkage (LS) is the water content where further loss of moisture will not result in 

any more decrease in length. Liquidity index is given by LI = (wn-PL) / (LL-PL) where, wn is 

the natural water content. The variation of some of the physical properties of the Holocene 

clays over the depth at the reclamation site is illustrated in Fig. 2.17. LL and PI of the 

dredged mud are in the range of 80-100% and 55-75% respectively. 
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Fig. 2.17 Laboratory tests on Holocene clays (Ameratunga et al. 2010a) 

2.3.5.3 Coefficient of consolidation (cv and ch) 

It has been reported that the laboratory tests generally result in lower cv values than in situ 

test values for southeast Queensland clays (Ameratunga et al. 2010a). At the PoB 

reclamation site, cv of the Holocene clays and recent dredged mud fill are estimated from the 

Piezocone dissipation tests. These values are verified from the back analyses based on the 

settlement time data obtained from the wick drain trial sites. In house software packages 

(Ex. CAOS) and Asaoka’s method (Asaoka 1978) are the widely accepted tools used to 

review the settlement – time data obtained from field monitoring and to back calculate the 

cv.  For both the lower Holocene clays and dredged mud fill, a value of 1 m2/year is used for 

the cv. The ratio ch/cv is taken as 2 for the Holocene clays whereas for the dredged mud fill, 

ch and cv are assumed to be equal. The ch and cv values of upper Holocene clays are taken as 

10 m2/year (Ameratunga et al. 2010b).   

2.3.5.4 Undrained Shear Strength and friction angle 

Assessing the undrained shear strength cu of the Holocene clays and the dredged mud fill is 

important for the short term strength analysis when the site is surcharged during the ground 

improvement measures. In situ tests are preferred over the laboratory tests to avoid the 

downsides associated with sample disturbance caused during site investigation, retrieval and 
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transportation. Undrained shear strength of Holocene clays are estimated from Piezocone, 

Electric friction cone (EFC) or In situ vane shear tests. 

cu values of 20 kPa and 28 kPa are adopted for the upper and lower Holocene clay layers 

respectively. A factor of 2.1 kPa/m is adopted for the increase in the cu with the depth 

(Ameratunga et al. 2010a). The sensitivity of lower Holocene clays varies between 2 and 4 

which implies that the Holocene clays are moderately sensitive to disturbance.  

For the dredged mud fill, the shear strength parameters are generally estimated from 

correlations. The following relationship given in Eq. 2.21, which was proposed by Skempton 

& Henkel (1953) for normally consolidated clay, is used to estimate the cu value of dredged 

fill.  

cu / σv’ = 0.11 + 0.0037 * PI       (2.21) 

where PI is the plasticity index and σ’
v is the effective vertical stress. A value of 0.25 is 

adopted for the ratio cu/σv
’, which gives the undrained shear strength gain with the increase 

in effective stress. The derived values were found to be in agreement with those obtained 

from the in situ vane shear strength tests conducted within the paddocks. 

According to Mitchell’s (2005) equation the relationship between the drained friction angle 

(ø’) at critical void ratio and PI is given in Eq. 2.22, which is used to assess the ø’ of the PoB 

dredged mud fill.  

Sin ø’ = 0.8 - 0.094 * ln(PI)       (2.22) 

2.3.5.5 Compression ratio and recompression ratio  

Compression ratio CR (given by Cc/(1+eo)) and recompression ratio RR (given by Cr/(1+eo)) 

of the Holocene clays and dredged mud were estimated from few laboratory tests, where Cc 

and Cr are the compression and recompression indices and e0 is the initial void ratio. Those 

values were later verified with correlations established from natural moisture content wn, 

liquid limit LL and initial void ratio e0 (Eq. 2.23 through Eq. 2.26). RR is generally taken as 

0.1 times the CR value. A design value between 0.2 and 0.3 is adopted for CR for both PoB 

dredged mud fill and lower Holocene clays. The CR value of upper Holocene clay is taken 

as 0.18.    
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CR=0.0043wn         (2.23) 

CR=0.14(e0+0.007)        (2.24) 

CR=0.003(wn+7)        (2.25) 

CR=0.009(LL-10)/(1+e0)       (2.26) 

2.3.5.6 Secondary Compression  

Theoretical prediction of the rate of ground settlement is typically confirmed during 

construction using instrumentation. This information is later used to back calculate and 

modify the design parameters used. However, at the PoB site, there are no any records for 

long time period settlements, thus the secondary compression parameters are estimated from 

the laboratory tests. The secondary compression settlement expected is significant because 

of the large compressible thickness of composite Holocene layers and dredged clay fill. To 

deal with this, the applied preloading should be able to remove some of the secondary 

compression settlement as well. The subsoil is subjected to a preloading higher than the 

expected post construction design load, thus, the underlying soil will be in an over 

consolidated state under the design loads. The coefficient of secondary compression Cαe 

depends on the over consolidation ratio (OCR), and it drops quickly with a small increment 

in the OCR ratio (Ameratunga et al. 2010a; Ameratunga et al. 2010b; Alonso et al. 2000; 

Wong, 2007 and Wong 2006). The following exponential law given in Eq. 2.27 is adopted 

for the reduction of Cαe with OCR.  

Cαe(OC) /Cαe(NC) = [(1-m)/e(OCR-1)n]+m      (2.27) 

m is taken as 0.1, which is equivalent to ratio of Cr/Cc (Mesri 1991) and n is equal to 6. At 

the PoB reclamation site, the underlying soil is over consolidated to an OCR ratio between 

1.1 and1.2. For the upper and lower Holocene clays layers, Cαe values of 0.008 and 0.0076 

are adopted. Cαe of dredged mud fill is taken as 0.0059.  
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2.4. Sedimentation and settling patterns of clay particles 

2.4.1. Introduction 

Soil layer formation through sedimentation is common in land filling and disposal works, 

adjacent to the ports and waterways. An overview of the Port of Brisbane land reclamation 

project is given in section 2.3, where the maintenance dredged materials are pumped in a 

slurry form into the reclamation site followed by the sedimentation and self weight 

consolidation. The clay particles suspended in water settle under the action of gravitational 

forces and form a layer of soil sediment at the surface of the underlying sediment. The 

sediment thus formed will be further consolidated by the weight of the overlying sediment. 

The settlement pattern of the clay particles depends on number of factors. Imai (1981) 

classified the potential settling pattern of clay particles that can occur into major four types 

based on the initial conditions of the clay-water mixture (i.e salt concentration and water 

content). When the solid concentration in the mixture is low (i.e the water content is high), 

individual soil particles will settle ‘free’, which is called the dispersed free settling [1]. Here, 

every particles fall individually with no interaction with others. Heavier particles will fall at 

a faster rate and reach the bottom of the forming sediment, while the finer and lighter 

particles will stay at the top, thus potential grain size sorting will occur. When the solid 

concentration is high in the mixture, ‘hindered settling’ occurs. The fall of larger size 

particles is interrupted by the smaller particles falling at lower rates. As a result, flocs of clay 

particles form. These flocs can settle individually depending on the solid concentration. This 

settling pattern is referred as the ‘flocculated free settling’ [2]. If the solid concentration is 

too high for the flocculated free settling to happen, mutual interaction among the flocs 

occurs which results ‘zone settling’ [3], where the flocs settle in groups. At a much high 

solid concentration, the fourth type of settlement occurs which is the ‘consolidation settling’ 

or ‘compression settling’ [4]. The resulting sediment of the latter three settling type will be 

relatively homogenous in terms of particle size distribution compared to the ‘dispersed free 

settling’, since the flocs are formed comprising of both coarser and finer particles.  

Other than the solid concentration or water content of the clay-water mixture, Imai (1981) 

listed number of other factors which influence the settlement mechanism of the clay 

particles, such as, [1] salt concentration of the clay-water suspension [2] type of the clay 

minerals present in the soil and [3] type of dissolved electrolytes present in the clay-water 
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suspension. As explained above, at lower water contents the particles tend to make flocs. In 

addition, salt concentration is another factor that is responsible for the degree of flocculation 

happens among the particles. The higher the salt concentration in the mixture induces higher 

tendency of particles to flocculate. In the marine environment high degree of flocculation 

can occur because of the high salt concentration present, whereas, dispersed settling and 

grain size sorting is common in the freshwater environment, such as lakes or tailing ponds, 

where the salt concentration is sufficiently low.  

Imai (1981) considered the above factors except [3] in his experimental studies to define the 

boundary values of the water content and salt concentration within which a particular 

settlement type becomes prevalent for various clayey soils, both natural and commercial 

(Fig. 2.18). The effect of clay mineralogy on the settling pattern is obvious from Fig. 2.18. 

The first three natural clayey soils (Fig. 2.18(a), Fig. 2.18(b) and Fig. 2.18(c)) show similar 

settlement behaviour with varying water content and salt concentration. In the natural soils, 

high degree of flocculation can occur even in the freshwater environment at less water 

contents. In the marine environment dispersed settling can happen at very high water 

contents.  

The commercial clays Kaolinite and Bentonite show extremely different settling patterns 

from the natural soils. Kaolinite forms flocs even at really high water content (Fig. 2.18(d)). 

The dispersed settling (Type I) is not observed in the figure, which would occur at even 

higher water contents than 10,000 %. The settling pattern of Kaolinite hardly depends on the 

salt concentration of the mixture. This can be due to the low plasticity exhibited by the 

kaolinite minerals (Sridharan and Prakash 2001b). In Bentonite, the zoning for the 

‘dispersed free settling’ is similar to the natural clayey soils (Fig. 2.18(e)). Although, the rest 

of three settling patterns is very different from the natural clays. For example, with 

increasing salt concentration, the ‘flocculated free settling’ occur at less water content, 

which is the other way for the natural clayey soils. In addition, Bentonite shows a special ‘no 

settling’ zone at water contents less than 500 %.  
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Fig. 2.18 Classification of settling types for different clayey soils (Imai 1981) 

2.4.2. Influence of dissolved electrolytes in the settling patterns 

The flocculation and dispersion mechanism of clay particles and factors influencing can be 

explained as follows by simple terms. Clay particles have some distinct properties such as, 

minute size, large and platy surface area and ion adsorption and exchange capacity. Clay 

particles generally exhibit negative charges on their surfaces. Therefore when water is 

introduced to the clay particles they attract the positive ions (i.e cations) that are dissolved in 

the water. These cations are exchangeable. When the clay particles encounter an electrolyte 
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(i.e substance which contains free ions) in their vicinity, the cations that are already 

adsorbed on the clay surface can be released and substituted by the cations that are presented 

in the electrolyte. This is referred as the Cation Exchange Capacity (CEC) of the clay 

particle.  

The cations have the tendency of diffusing and distributing themselves evenly in water, 

therefore they stay at a distance from the clay particles. In other words, the negatively 

charged clay particles are surrounded by the cluster of opposite (positive) charged ions at a 

distance. This system is referred as the ‘diffuse electric double layer’, where one layer is 

formed by the negative charge on the surface of the clay particle, and other layer is formed 

by the concentration of exchangeable cations near the particles (Fig. 2.19).  

The tendency of any two clay particles to come together is initially opposed by the repulsive 

forces exerted by the positive ions which are surrounding the clay particle. The range and 

effectiveness of the forces of repulsion between particles are controlled by the thickness ‘d’ 

of the ‘diffuse electric double layer’ (Fig. 2.19). The repulsive forces will be less for a 

smaller thickness ‘d’. The thickness can be decreased, for example, by increasing the 

concentration of electrolytes in the water that occupies the pore space between the clay 

particles. This inhibits the tendency of adsorbed ions to diffuse and allows them to be held 

more closely to the surface of the clay particles, resulting a reduction in the thickness ‘d’. 

This in turn shortens the distance over which the repulsive forces between particles are 

effective and brings the clay particles closer allowing them to flocculate (Meade 1964). 

Apart from increasing the electrolyte concentration, the thickness of the double layer ‘d’ can 

be reduced by replacing the adsorbed cations with cations of higher valence. For example, 

the monovalent ions Na+ can be replaced by divalent (Ca++, Mg++, Ba++) and trivalent 

ions (La+++, Al+++).  

When natural sea water is introduced to the clay, which contains various dissolved cations, 

the clay particles are induced to flocculate. The higher the degree of flocculation is induced 

by the high salt concentration, which can be attributed to the above mechanism explained. 

The higher the water content will increase the inter clay particle distance and reduce the 

flocculation, which will be favourable for the dispersion to occur. In addition, increasing pH 

in the clay –water suspension causes deflocculation or dispersion. Therefore, NaOH solution 
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is used to increase the pH in the clay water suspension in order to prepare dispersed slurry of 

clay minerals such as Kaolinite and Illite (Sheeran and Krizek, 1971). 

 

 

Fig. 2.19 Repulsive double layer (Meade 1964) 

2.4.3. Settling Patterns and clay fabric  

Settling pattern of clay particles influences the association between the particles in the final 

sediment. Several techniques are used in studying the nature of fabric in the sediment of 

both artificial and natural clayey soils, including scanning electron microscopy tests, X-ray 

diffractometry and optical micsroscopy. The particle arrangement in sediments formed from 

flocculated and dispersed slurry has been discussed extensively in the previous studies by 

several techniques (Bennett and Hulbert 1986; Krizek et al. 1975; Lambe 1953; Mitchell 

1956; and Sides and Barden 1971).  

From the results of the abundant number of past studies, some general conclusions were 

arrived at regarding the fabric observed in the sediment formed from flocculated and 

dispersed slurry. In the dispersed sediment, the inter particle attraction is less, and the 

particles are free to rotate and attain an orientation when they settle. Fig.2.20 illustrates the 

particles arrangement in the aggregates (i.e group of particles) for various settling patterns. 
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In Fig. 2.20(A&B), the particles are arranged face-to-face in the aggregates forming a ‘book 

house structure’. The aggregates, on the other hand, exhibit random association with each 

other. Clay particles exhibit negative charges on their basal or platy surfaces, while positive 

charges exist on the non-basal edges (Meade, 1964). Thus, when the clay particles flocculate 

the particles tend to attain an edge-to-face association. Because of that, in the flocculated 

sediment, edge-to-face association between the particles is dominant resulting in a ‘card 

house’ structure or an open structure with large volume or voids (Fig. 2.20(C&D)). 

 

 

Fig. 2.20 Different particle arrangement in the fabric: (A & B) Book house structure in 

dispersed sediment (C & D) Card House structure in flocculated sediment ( Meade 1964) 

The fabric of the clay sediment has effects on the mechanical properties (i.e compressibility 

and permeability) of the sediment, which is explained in section 2.4.4. In some cases of land 

reclamation works with dredged mud, the dredged mud slurry is treated by chemical 

stabilization before pumping into the reclamation area, in order to alter the fabric of the final 

sediment focusing on improving the mechanical properties. For example, in the land 

reclamation works for the Kansai International Airport expansion project, in Japan, the mud 

was treated with cement before pumped into the containment paddocks (Satoh and Kitazume 
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2003). The commonly used stabilizing agents are cement, lime and fly ash, which have 

beneficial effects on the strength, compressibility, permeability and workability of soft clays.  

2.4.4. Settling patterns and properties of the final sediment 

The influence of the settling pattern of clay particles on the homogeneity of the final 

sediment in terms of particle size distribution and the mechanical properties has been studied 

to some extent. Sridharan and Prakash (2001a, 2001b and 2003) studied the degree of the 

segregation that occurs for the various initial water content of the clay-water mixture of 

different clayey soils. Imai (1981) observed that the height of the clay-water suspension 

plays an important role in the degree of segregation occurs, in addition to the effect of salt 

concentration and water content. The higher the height of the clay- water suspension induces 

higher degree of segregation.  

Mitchell (1956) observed that the flocculated sediment forms relatively larger volume or 

void ratio, referred as ‘loose voluminous structure’, which is highly compressible, and 

exhibits higher permeability than the dispersed sediment. Mitchell (1956) concluded that 

‘card house’ nature of the fabric is responsible for this. Sheeran and Krizek (1971) studied 

the compressibility of both flocculated and dispersed sediment of Kaolinite and Illite, based 

on the e – log σ’
v relationship. In the experiments, the main focus was to vary the fabric of 

the sediment only while maintaining its homogeneity, thus the silty sized particles were 

removed from the soils used. It was observed that the dispersed sediment showed a flatter e 

– log σ’
v curve in the normally consolidated range, lower void ratio and greater rebound than 

the flocculated sediment. Katagiri and Imai (1994) studied the compressibility, permeability 

(kv) and coefficient of consolidation (cv) of homogeneous sediments formed from flocculated 

slurry of Tokyo Bay mud. The slurry was prepared using the natural sea water (salt 

concentration 294 N/m3) with a varying water contents between 100 and 1500 %. The 

coarser particles were removed from the mud to avoid segregation. Large void ratio and 

steep e – log σ’
v curves were observed for the higher initial water content (highly dispersed 

sediment), whereas, the cv and kv values were the largest for the lowest water content. 

Sridharan and Prakash (2001a) studied the average compressibility and consolidation 

parameters (mv, k and cv) of segregated and homogenous sediments of various soils mixed at 

different water contents, by seepage consolidation method, up to a vertical stress of 10 kPa.  
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Salehi and Sivakugan (2009) carried out experimental studies where the dredged mud slurry 

was treated with hydrated lime, and the optimum lime content for the highest degree of 

flocculation to occur was assessed. It was observed that with the increasing lime content the 

compression index (Cc) of the final dredged mud sediment gradually increases, whereas the 

recompression index (Cr) and secondary compression index (Cαe) decreases.  

2.4.5. Fabric anisotropy and properties  

In simple terms, when the particles show a distinct orientation along a particular plane it can 

be said that the particles are oriented in an anisotropic way which is referred as ‘fabric 

anisotropy’. Fabric anisotropy in soils can be induced during the deposition of particles and 

under the action of stresses. During the deposition of soils particles, the particles attain a 

preferred orientation which is called the inherent anisotropy. Inherent anisotropy is much 

prevalent in the dispersed sediment where the particles are oriented face-to-face, whereas, 

flocculated sediment shows random particle association with less anisotropy. Second is the 

stress induced anisotropy. For example, when major principal stresses act vertically, the soil 

particles get arranged with their faces on the horizontal plane under the action of vertical 

stresses. Intact undisturbed soils show strong stress induced anisotropy. 

Number of studies was performed on the nature of fabric and its variation under the action of 

anisotropic and isotropic stresses (Bowles et al. 1969; Ingles 1968; and Krizek et al. 1975). 

Krizek et al. (1975) studied the particle arrangement in clay sediment formed from both 

flocculated and dispersed slurry, using the scanned electron microscopy tests. The 

flocculated and dispersed slurry was consolidated under anisotropic vertical loading where 

the pore water flow was one dimensional. Similarly, the flocculated and dispersed slurry 

were separately placed in a spherical chamber enclosed with flexible porous rubber 

membrane. The system was then consolidated under isotropic hydraulic loading and 

isotropic pore water flow. The sediment which was anisotropically consolidated showed 

strong fabric anisotropy, where more faces of particles were found along the horizontal 

plane and edges on the vertical plane. This was most prevalent in the sediment formed from 

dispersed slurry. The face-to-face particle association in the dispersed slurry were more 

conductive to producing an oriented fabric under anisotropic loading. In the sediment 
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formed under isotropic consolidation, equal distribution of particles faces and edges could 

be found on the horizontal and vertical planes, implying a random particles orientation.  

Cetin (2004) examined the orientation of particles along the horizontal axis at the end of 

each stress increment, for samples tested in the oedometer. The particles rotated under the 

action of the consolidation process, from their initially random position, so that their surface 

lies in the direction perpendicular to the loading direction.  This was more prevalent in the 

normally consolidated range, as confirmed from some previous studies as well (Crawford 

1968 and Quigley and Thompson 1966). The sizes of the pores oriented perpendicular to the 

loading direction seemed to decrease more than the voids oriented parallel to the loading 

direction. Sivakumar et al. (2002) observed that when a soil specimen is consolidated 

isotropically in the triaxial cell, some degree of orientation in particles can occur if the 

drainage is allowed only in the vertical direction.   

Fabric anisotropy in the young clay sediments will not be strong as in the intact soils, since 

the particles are arranged in a more random way than that in the intact soils. Thus it is 

anticipated that intact soils would show higher degree of anisotropy in the properties than 

the young sediments (Clennell et al. 1999 and Lai and Olson 1998). However, previous 

studies conducted on the young remoulded clays showed that the permeability and 

coefficient of consolidation in the horizontal direction is generally higher than in the vertical 

direction.  (Sridharan et al. 1996 and Robinson 2009). 

The effect of fabric anisotropy in the permeability anisotropy (kh/kv) has been discussed in 

the earlier studies. Olsen (1962), Arch and Maltman (1990) and Daigle and Dugan (2011) 

developed conceptual models for studying the variation of fabric anisotropy under 

anisotropic loading and the corresponding variation in the permeability anisotropy (kh/kv). 

With the increasing anisotropic loading the particle parallelism becomes more along the 

horizontal plane, and the conceptual models suggest that the flow paths in the horizontal 

direction become straight which would be favourable for the horizontal permeability while 

decreasing the vertical permeability. This was more prevalent in soils with high proportion 

of platy clay minerals. Thus it is expected that higher the anisotropic loading will result large 

permeability anisotropy.  

Leroueil et al. (1990) experimentally studied the development of permeability anisotropy of 

undisturbed marine clay sample with increasing anisotropic loading. Bolton et al. (2000) 
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performed similar tests on undisturbed specimens of silty and sandy clays. Any notable 

increase in the permeability anisotropy was not observed from the above tests, and 

specimens mostly showed isotropic permeability. Clennel et al. (1999) performed similar 

experimental programme on remoulded artificial and natural clays. Despite the high levels 

of fabric anisotropy, it was observed that the permeability anisotropy was modest. Silty 

clays showed lower levels of permeability anisotropy when compared to the pure clays, due 

to the presence of silt, which has little potential to attain a strong grain alignment.  

The above experimental studies indicate that a soil with strong fabric anisotropy does not 

have to result very high degree of anisotropy. Nevertheless, lack of information is available 

regarding the influence of settling pattern of particles on the anisotropy in the consolidation 

properties (i.e coefficient of consolidation and permeability) and its variation under the 

vertical stress.  

2.5. Insights in the application of one dimensional two layer consolidation theory 

2.5.1. General 

In a multi-layer system of unlike permeability and compressibility properties, the 

consolidation pattern of each soil layer is influenced by the presence and action of the other. 

Fig. 2.21shows two distinct idealized soil profiles of double layers consisting of ‘soil 1’ and 

‘soil 2’ with unlike permeability (k) and volume compressibility (mv). ‘Soil 1’ and ‘Soil 2’ 

however have equal coefficient of consolidation cv. The time dependant vertical 

consolidation process of both the double layer systems was modelled in PLAXIS using the 

Mohr Coloumb model. Both the systems were allowed to drain through the top surface only. 

The time variation of the excess pore water pressure was obtained at several points along the 

depth of the double layers, and pore water pressure isochrones were developed.  

The pore water pressure isochrones of system 1 and 2 are shown in Fig. 2.22 and Fig. 2.23 

respectively. In system 1, ‘soil 2’ is overlain by ‘soil 1’ which is 10 times permeable than 

‘soil 1’. Thus, the excess pore water pressure in Soil 1 dissipates rapidly, giving way to the 

consolidation of Soil 2. In system 2, the pore water pressure dissipation in ‘Soil 1’ is 

supressed by ‘Soil 2’, where the consolidation happens very slowly because of its low 

permeability. The overall pore water pressure dissipation will be faster for system 1 than 
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system 2. This demonstrated that in the one dimensional consolidation of multi-layer, even 

though the cv of each layer is equal, the system cannot be treated as a single layer unless the 

k and mv of the soils layers are identical as well. Further discussion on this is given in Pyrah 

(1996).   

 

Fig. 2.21 Arrangements of double layer system  

The above example is a specific case of the one dimensional consolidation of multi-layer. 

Depending on the number of different soil layers present in a multi-layer system, their 

arrangement, properties (k, mv or cv), thicknesses and drainage conditions, each multi-layer 

system will show a unique consolidation behaviour with time, which cannot be represented 

by a standard pore water pressure isochrones or Uavg – T plot as in the consolidation of 

single layer.  Attempts have been made to study this mathematically as summarised in the 

following sections. From the previous studies, it was shown that unless all the soil layers in a 

multi-layer system have identical mv values, the Uavg calculated from the pore water pressure 

dissipation (Eq. 2.9) and based on the settlement (Eq. 2.11) will not be equal to each other 

(Xie et al. 1999). Thus an engineer may want to do the consolidation analysis based on the 

slowest option to be on the safe side.     
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Fig. 2.22 Pore water pressure isochrones of double layer system 1 in Fig. 2.21 

 

Fig. 2.23 Pore water pressure isochrones of double layer system 2 in Fig. 2.21 

2.5.2. Governing equations and boundary conditions  

The fundamental one dimensional consolidation theory developed by Terzhagi (1943) is 

incorporated in the analytical studies of the consolidation behaviour of multi-layer. The time 

dependant consolidation of each soil layer is governed by Eq. 2.28; where the symbol ‘n’ 

indicates any arbitrary ‘nth’ layer. The letters u, t and z hold the usual definitions.   

Interface 

Interface 

Ground level 
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At the interface between any two soil layers the following relationships given in Eq. 2.29 

and Eq. 2.30 are true at any time t, where k is the permeability of the soil layer.  

1 2u u=           (2.29) 
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At the permeable or impermeable boundaries of the multi-layer system, the standard 

conditions given in Eq. 2.31 and Eq. 2.32 are applied.  

0
u

z

∂ =
∂

 at the permeable boundary     (2.31)  

0u =   at the impermeable boundary      (2.32) 

2.5.3. Development of mathematical solutions 

Several implicit and explicit analytical solutions have been developed for the consolidation 

behaviour of double layers. Gray (1945) first developed a rigorous solution for the time 

dependant consolidation process of two adjacent unlike soil layers. Since then, analytical 

studies on the time rate of consolidation of multi layers have reached several advancements 

incorporating constant rate of loading, non-uniform pore water pressure distribution, partial 

drainage (impeded) boundaries and varying permeability of the soil layers with settlement.   

Schiffman and Stein (1970) and Lee et al. (1992) developed general solutions for the multi 

layered system with any number of unlike soil stratums, including constant rate of loading,  

non- uniform pore water pressure distribution and partial drainage boundaries. Zhu and Yin 

(1999) analysed the time rate of consolidation of double layers under depth dependant ramp 

load and provided some explicit mathematical solutions. Xie et al. (1999) analysed the 

consolidation of double layers with partial drainage boundaries. Later Xie et al. (2002) 

studied the consolidation behaviour of double layers which decreases in permeability. Chen 

et al. (2004) studied the consolidation process of multi layers with partial drainage boundary 

using an advanced quadrature method. Zhu and Yin (2005) provided some useful solution 
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charts for the Uavg  – T plots of the double layer system consolidating under an 

instantaneously applied load with standard drainage boundary conditions ( i.e permeable or 

impermeable). Here, the Uavg was defined based on the rate of settlement of the double layer 

system. Huang and Griffiths (2010) studied the coupled consolidation of multi-layer with 

finite element method.  

The above analytical solutions were developed based on advanced partial differential 

equations and are expressed in a generalized series form. Graphs illustrating the solutions 

were presented only for very particular cases. The solutions become more tedious when 

incorporating factors such as constant rate of loading, non-uniform pore water pressure 

distribution, partially drainage boundaries and varying permeability of the soil layer. 

Expertise in mathematics is needed for an engineer to perform consolidation and settlement 

analysis using those solutions. The Uavg – T charts given by Zhu and Yin (2005) is 

convenient for the simple consolidation analysis of a double layer system under an 

instantaneously applied load, which would require some interpolation for the intermediate 

values. Nevertheless, none of the solutions provided excess pore water pressure isochrones 

in the form of graphs or tabulated charts.   

Xie et al. (1999) illustrated the trend of pore water pressure isochrones in the double layer 

system with varying thickness and properties (k, mv) of the soil layers. Pyrah (1996) and Zhu 

and Yin (1999) showed the influence of the arrangement of soil layers on the Uavg – T plots 

of a specific double layer system. Further understanding is needed on the effect of the soil 

properties, thicknesses and drainage conditions on the overall consolidation behaviour (Uavg 

- T) of the multi- layer system. 

2.5.4. Empirical solutions and approximations  

Considering the difficulties associated with the application of existing mathematical 

solutions, attempts have been made to develop simplified empirical equations and 

approximations for the consolidation analysis of multi-layer system.  

Gray (1945) suggested that the average degree of consolidation of the double layers can be 

presented by the relationship in Eq. 2.33. 
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Where, (Uavg)1, (Uavg)2 and h1, h2 are the average degree of consolidation and the thicknesses 

of layer 1 and 2 respectively. In addition, Gray (1945) proposed average mv and k for the 

composite double layer, as given in Eq. 2.34 and Eq. 2.35. 
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US Department of Navy (1982) suggested converting the multi-layer system of any number 

of soil layers in to an equivalent single layer as shown in Fig. 2.24. Any arbitrary layer can 

be selected as a reference, and the entire multi-layer system is converted intoa single layer 

using Eq. 2.36.    
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Fig. 2.24 Approximation by US Department of Navy (1982) 
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It was further suggested that the standard Uavg – T plot of the single layer can be used to find 

the average degree of consolidation of the multi-layer system, by inputting the thickness and 

coefficient of consolidation of the equivalent layer (heq and cv3 in the above example). Zhu 

and Yin (2005) proposed an expression, given in Eq. 2.37, which relates the time factor T 

and time t in the double layer consolidation.  
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       (2.37) 

The above expression is equivalent to the relationship proposed by US Department of Navy 

(1982) in the case of a double layer system. For example, a double layer consisting of soil 

layers of thickness H1, H2 and coefficient of consolidation of cv1 and cv2 can be converted to 

a single layer, with a coefficient of consolidation cv1 and equivalent thickness Heq expressed 

by Eq. 2.38.  
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Eq. 2.38 can be re-written as in Eq. 2.39.  
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Using this expression for Heq and coefficient of consolidation cv1, the time factor T for the 

consolidation of double layer system can be obtained from Eq. 2.40.  
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Substituting the expression for Heq in Eq. 2.39 into Eq. 2.40, the relationship between T and t 

based on the US department of Navy (1982) becomes as in Eq. 2.41, which is similar to Eq. 

2.37.   
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However the important difference between the mathematical solutions of Zhu and Yin 

(2005) and approximation of US Department of Navy (1982) is, unlike the distinct Uavg – T 

plots developed by Zhu and Yin (2005) for each double layer system, US Navy 

approximation incorporates the standard Uavg – T plot of single layer for the overall 

consolidation analysis of any multi-layer system converted intoa single layer. 

Despite the simplicity, the above approximations were not developed on a theoretical basis, 

and will produce erroneous results if used without knowing the limitations. Further, the 

simplifications are useful in dealing with the average degree of consolidation or the rate of 

settlement of the multi-layer system and do not provide any information on the time 

dependant excess pore water pressure variation at any point in a soil layer.  

2.5.5. Soft Soil Creep Model 

The limitations of the mathematical solutions for the time dependant consolidation of a 

multi-layer system were presented in section 2.5.3. In the absence of a complete and simple 

mathematical solution, the use of advanced constitutive models is convenient which can 

produce realistic results for the consolidation behaviour of a multi-layer system. PLAXIS 

offers a new advanced ‘Soft soil creep model’ which takes into account the secondary 

compression of the soft soil layers in addition to primary consolidation. The constitutive 

model is recommended to model the consolidation behaviour of near normally consolidated 

clays, clayey silts and peat.  

The Soft soil creep model includes the following basic characteristics: 

• Stress-dependant stiffness  

• Distinction between primary loading, unloading and re loading 

• Secondary compression 

• Memory of pre consolidation stress , thus the model considers the effect of over 

consolidation in both the primary and secondary compression 

• Failure behaviour according to Mohr Coulomb  criterion  

• Accounts for the change in permeability 
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• Increase in the shear strength with consolidation is automatically obtained when 

using the effective shear strength parameters.  

The model parameters incorporated in the soft soil creep constitutive model is discussed 

extensively in section 6.4.1. The advantage of the soft soil creep model is, the input model 

parameters can be obtained directly from the standard oedomter tests.  
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 Influence of non-uniform excess pore water pressure Chapter 3.
distribution on the radial consolidation behaviour of the soil layer with 
a peripheral drain 

3.1. General 

The fundamentals of the consolidation theory and governing differential equations for one 

dimensional and radial consolidation were discussed in section 2.1 of Chapter 2. The 

solutions for the governing equations are essentially applied in the time dependant 

settlement analysis of the consolidating soft soil layer. Section 2.2 focused on the occurrence 

of non-uniform excess pore water pressure distributions in soil layer under various 

circumstances and it was identified that the present solutions for radial consolidation 

overlook the effect of potential non-uniform pore water pressure distributions. In particular, 

limited mathematical solutions are available for the situations where radial consolidation 

occurs with pore water flow towards a peripheral drain, and they do not accommodate non-

uniform initial pore water pressure distributions that vary laterally. Those solutions are 

generally applied in deriving the horizontal coefficient of consolidation from the laboratory 

radial consolidation tests conducted in the oedometer or Rowe cell using a peripheral drain. 

This situation can occur commonly in ports and waterways where the dredged spoils are 

pumped into the containment paddocks enclosed with bunds made from rock and sand, for 

land reclamation. Similar situation may occur in the case of stockpiles or footing load placed 

on top of a clay layer underlain by an impervious stratum, where the drainage is essentially 

radially outwards. In the case of stockpiles, the load distributions and hence the initial pore 

water pressure distributions may not be uniform.  

The objective of the current study is developing analytical solutions and detailed design 

charts for the radial consolidation of a cylindrical soil layer draining towards a peripheral 

drain, where the excess pore water pressure is distributed radially in a non-uniform way. 

Different non-uniform horizontal pore water pressure distributions that occur under 

foundations and axi-symmetric embankment geometries are identified in this study. Simple 

analytical series solution method is used for the analytical studies incorporating MATLAB. 

The solutions will be of practical importance in certain cases discussed above, where the 

free draining boundary enclosing the consolidating soil layer can be approximated in to a 

circular pattern. Excess pore water pressure isochrones and degree of consolidation 
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isochrones are produced at various points in the cylindrical soil layer. Uavg – T plots are 

developed for the different cases of non-uniform pore water pressure distributions. Critical 

analysis on the effect of non-uniform pore water pressure distribution on the radial 

consolidation was performed using the isochrones and the Uavg – T plots developed herein.  

3.2. Different non-uniform pore water pressure distributions  

Some of the practical situations which can induce random pore water pressure distributions 

are considered in this section. The resulting pore water pressure distributions in the 

underlying circular soil layer are developed by the numerical modelling in PLAXIS. A 

simple axi-symmetric 15-node Mohr-Coulomb model was used to represent a circular soil 

layer of radius 4 m and depth 2 m. A two-dimensional section of the soil layer along the 

radial line was modelled because of axi-symmetry. The soil layer is subjected to four 

different loading conditions, as explained below. The soil layer is homogeneous, and has a 

Young’s modulus E of 1000 kN/m2, Poisson’s ratio υ of 0.33 and permeability k of 10-4 

m/day. The dry and saturated unit weights of the soil are 15 and 18 kN/m3 respectively, with 

cohesion of 2.0 kN/m2 and friction angle of 24.  Only the horizontal displacement was fixed 

along the vertical sides of the soil model. At the bottom, vertical and horizontal 

displacements were fixed. The soil layer was fully saturated, with the phreatic table located 

at the ground level. Only the right side of the model was kept as an open consolidation 

boundary and other three sides were impervious. Consolidation analysis was performed in 

two phases. In phase 1 the load was applied at the ground level over a specific period at a 

constant rate. In phase 2 excess pore water pressure was allowed to dissipate to a minimum 

value of 0.01 kPa without any further changes in the applied load condition.  

Four different loading conditions were adopted in the PLAXIS modelling (Fig. 3.1). In Case 

1, a uniformly distributed load of 20 kPa was applied at the ground level instantaneously. In 

Case 2, similar load as in Case 1 was applied at constant rate over a period of 1 week.  In 

Case 3, representing a cone shaped earthen fill, a triangular distribution of load was applied 

at constant rate over a week, which linearly varies from 20 kPa at the centre to zero at the 

edge. In Case 4, a uniformly distributed flexible footing load of 20 kPa was applied at a 

constant rate for 15 days to represent a circular tank or silo resting on a ring beam. The 
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footing load spreads over 1 m length. The left side of the footing is at a distance of 1 m from 

the centre of the soil layer.  

 

Fig. 3.1 Different loading conditions (1) uniformly distributed instantaneous load (2) uniformly 

distributed constant rate of loading (3) linearly varying load and (4) footing load 

For all the four loading conditions, the state of excess pore water distributions in the soil 

layer right after the load application is completed was obtained at different depth levels Y 

shown in Fig. 3.2. For all the four cases, the variation of excess pore water pressure with 

distance x from the centre is plotted in Fig. 3.3 at different depths Y. Under the 

instantaneously applied uniform load (Case 1) the excess pore water pressure is equal at all x 

distances (Fig. 3.3(a)). In Case 2, during the one week of time lag allowed for the load 

application, some degree of pore water pressure dissipation has occurred adjacent to the 

drainage boundary (Fig. 3.3(b)). For Case 3, Fig. 3.3(c) shows a linearly decreasing excess 

pore water pressure from the centre of the soil layer to the drainage boundary.  In the above 

three cases, the excess pore water pressure distribution at all depths (Y = 0.1, 1.0 and 1.8 m) 

are fairly equal. This is not the case under the footing load (Case 4) which is concentrated 

over a small area at the ground level (Fig. 3.3(d)). At shallow depth (Y = 0.1), the excess 

pore water pressure right below the footing load (from x = 1 to 2 m) is the maximum. This is 

because of the concentrated load applied by the footing. Heaving occurs in the soil adjacent 

to the edges of the footing load, which results rapidly reducing pore water pressure in that 

zones. Unlike in the previous cases, the excess pore water pressure is not equal at all depths 

under the footing load, and the horizontal distribution patterns of pore water pressure are not 

identical at Y = 0.1, 1.0 and 1.8.   
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Fig. 3.2 Locations for obtaining the excess pore water pressure distribution 

 

 

Fig. 3.3 Excess pore water distributions under different load conditions (a) Case 1 (b) Case 2 

(c) Case 3 and (d) Case 4 

Y = 0.1 m 

Y = 1.0 m 

Y = 1.8 m 

Ground Level 

4 m 

2 m 

Y 

X 

Centre 
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3.3. Analytical studies  

From the numerical modelling in PLAXIS outlined in section 3.2, six different axi-

symmetric horizontal distributions of initial excess pore water pressure were classified 

under various loading conditions. These are shown in Fig. 3.4, where R is the radius of the 

consolidating layer, and r is the distance to the point of interest from the centre. In the 

vertical axis, the excess pore water pressure values were normalised with the peak initial 

pore water pressure value for each distribution. In Fig. 3.4, Case (a) is the excess pore water 

pressure distribution under instantaneously applied uniformly distributed load. Case (b) is 

the distribution occurring under the uniformly distributed load applied at constant rate. 

Cases (c), (d) and (e) are the pore water pressure distributions found under a footing load, at 

different depth levels in the soil (Refer Fig. 3.3(d)). Case (f) is the triangular distribution of 

excess pore water pressure induced under the cone shaped earthen fill. Having them as the 

initial excess pore water pressure distribution, the following radial consolidation behaviour 

of the soil layer was studied analytically.  

 

Fig. 3.4 Different axi-symmetric non-uniform initial excess pore water pressure distributions 
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3.4. Development of solutions  

The soil layer considered in this study is approximated to be cylindrical which is draining 

through a peripheral drain, as shown in the schematic diagram in Fig. 3.5. The soil layer is 

assumed to be relatively thin when compared to its diameter, so that, the excess pore water 

pressure distribution with radial distance will be same at all depths.   

 

Fig. 3.5 Cylindrical soil layer draining at its peripheral face 

The governing equation for the radial consolidation, with pore water flow only in the radial 

direction along the planes perpendicular to z axis, is defined in Eq. 3.1, where u is the excess 

pore water pressure at any time t, at a distance r from the centre. ch c��is the horizontal 

coefficient of consolidation.  

2

2

1
h

u u u
c

t r r r

 ∂ ∂ ∂= + ∂ ∂ ∂          (3.1) 

Table 3.1 Boundary Conditions 

Boundary Condition Expression 

Initial excess pwp is a function of r u = u(r,0) At t = 0 

Free draining at the peripheral face  u(R, t) = 0, for t  ≥  0 

No flow across the centre of the soil 
layer 

du/dr = 0 at r = 0 for t  ≥  0 
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Incorporating the boundary conditions given in Table 3.1, Eq. 3.1 was solved to obtain the 

following analytical series solution for the excess pore water pressure at point r in the soil 

layer at time factor T. Detailed solution method is given Silveira (1953) (Appendix A).   
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         (3.3) 

Jo(r) J��r�is the Bessel function of the first kind of order zero and λnλ
λ� are the 

eigenvalues of Jo(r)J��r�. The series coefficients An were calculated using a collocation 

approach, modified to avoid Gibbs phenomena. As there is only one possible discontinuity 

at r = R, the collocation equations become:  
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where δδ is a small interval usually taken between 1% and 2% of R, when a discontinuity is 

present (δ = 0 when there is no discontinuity present). The series solution obtained is 

accurate to seven or eight significant figures when N is in the range of 200 – 500.  

3.5. Results and Discussion 

3.5.1. Pore water pressure redistribution  

For the six non-uniform initial excess pore water pressure distributions, pore water pressure 

isochrones at different time factors T were produced. For Cases (c), (d) and (e) in Fig. 3.4, 

corresponding pore water pressure isochrones are shown in Fig. 3.6. From Fig. 3.6(i), it is 

evident that as time increases, the excess pore water pressure diminishes throughout the soil 

layer. However during the early stages of the consolidation process the excess pore water 
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pressure is redistributed in the region closer to the peripheral drain (r/R > 0.8). For example 

at T = 0.05, the pore water pressures are greater than the initial values closer to the drain. 

There are two other situations where the excess pore water pressure redistribution occurs in 

this analysis. When a depression in the initial pore water pressure distribution occurs closer 

to the centre of soil layer (r/R < 0.4), pore water pressure gets redistributed in that region 

(Fig. 3.6 (ii) and Fig. 3.6 (iii)).  When the pore water pressure redistribution occurs closer to 

the drainage boundary, it can help speeding up the consolidation process, while, if it is closer 

to the impermeable boundary, in this case the axis of soil layer, it would further slow down 

the overall consolidation process. In the other three Cases (a), (b) and (f), excess pore water 

pressure decrease monotonically towards the edge of the soil layer without any notable pore 

water pressure redistribution (Fig. 3.7).  

 

Fig. 3.6 Pore water pressure redistribution in (i) Case ‘c’ (ii) Case ‘d’ (iii) Case ‘e’ 

 

Fig. 3.7 Pore water pressure isochrones of (i) Case ‘a’ (ii) Case ‘b’ and (iii) Case ‘f’ 
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The excess pore water pressure redistribution observed under the footing load in the 

PLAXIS modelling described in section 3.2 is plotted in Fig. 3.8. Excess pore water pressure 

variation with the time factor T are shown, at four points closer to the centre (r/R=0, 0.08, 

0.123 and 0.173) at a depth of 0.1 m below ground level. The excess pore water pressure 

values have been normalised with the initial values at each point. It can be noticed that the 

excess pore water pressure rises above the initial values during the early stages (T < 0.02) 

before it starts dissipating for r/R = 0.123 and 0.173. For r/R =0 and 0.08, the excess pore 

water pressure initially decreases and then increases for 0.02< T < 0.04, before it starts 

decreasing again.  

 

Fig. 3.8 Pore water pressure redistribution in PLAXIS modelling 

3.5.2. Normalised pore water pressure ratio 

The degree of consolidation at a particular time t is given by the standard expression in Eq. 

3.6, which gives the ratio between excess pore water pressure dissipated and the initial 

excess pore water pressure at t = 0.  

( , )
( , ) 1

( , 0)

u r t
U r t

u r
= −         (3.6)  

The initial excess pore water pressure distribution u(r,0) u�r, 0�can be a constant at any 

radial distance as generally assumed, or a function of radius r for the non-uniform initial 

0.0002 
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pore water pressure distribution. When the initial pore water pressure distribution is a 

function of r, the above relationship given by Eq. 3.6 produces the percentage of 

consolidation, with respect to the initial value of pore water pressure at that particular point. 

This can result in a negative value for U(r,t) when pore water pressure redistribution occurs, 

where u(r,t) > u(r,0)u�r, t� > u�r, 0�. To avoid a negative degree of consolidation, Lovisa et 

al. (2010) suggested a supplementary expression for U(r,t) given in Eq. 3.7. The expression 

‘Pr’ in Eq. 3.9 is referred as the ‘normalised excess pore water pressure ratio’, which gives 

the ratio between the excess pore water pressure at time t at a point (u(r,t)) to the maximum 

value of the initial pore water pressure distribution, at t = 0 (u(r,0)max ).  

max

( , )
( , ) 1

( ,0)normalised

u r t
U r t

u r
= −

       (3.7) 

( , ) 1normalised rU r t P= −         (3.8)   

max

( , )

( ,0)r

u r t
P

u r
=         (3.9)  

U(r,t) and Pr are always in the range of 0 to 1, even when pore water pressure redistribution 

takes place. 

3.5.3. Average degree of consolidation  

In order to understand the influence of various non-uniform initial excess pore water 

pressure distributions on the overall consolidation, Uavg - T plots were compared for various 

cases in Fig. 3.9. When the excess pore water pressure distribution is more concentrated 

towards the drain and less towards the impermeable boundary, the consolidation process is 

faster. For example, in Cases (c) and (f), the total area of the spread of initial excess pore 

water pressures on a radial plane is the same (See Fig. 3.10), but because of the reason 

explained above, Uavg attained for case (f) is higher than in case (c) at any time.  

Under a uniformly distributed load, when the there is a construction period allowed, at the 

end of the application of full load the excess pore water pressure would not be purely 

uniform, but would be decreasing closer to the drainage boundaries. The actual distribution 

pattern will depend on the time lag allowed for applying the load, and the soil properties. As 
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shown for a specific Case (b), the time factor for achieving 50 % consolidation is 0.088, 

whilst for a standard uniform initial excess pore water pressure distribution Case (a), it is 

0.063. Uavg for Case (b) is always less than for Case (a).   

As identified from Fig. 3.2 in section 3.2, the excess pore water pressure distribution under 

the footing load is not equal with depth. Cases (c), (d) and (e) are the relevant pore water 

distribution patterns occurring at different depth levels under the footing load, which show 

unique Uavg - T curves in Fig. 3.9. In that case, the depth variation of excess pore water 

pressure should be taken into account when estimating the average degree of consolidation.  

 

Fig. 3.9 Uavg – T plots for various non-uniform initial excess pore water pressure distributions 

 

Fig. 3.10 Comparison of initial excess pore water pressure distributions for cases (c) and (f) 
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The degree of consolidation reached at a radial distance of r in the soil layer, at time t was 

given by the standard expression in Eq. 3.6. Based on that, the average degree of 

consolidation reached for the entire soil layer, at time t, can be given by Eq. 3.10.  
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The Eq. 3.10 can be expanded in the following form in Eq. 3.11. 
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Eq. 3.11 can be graphically explained by Fig. 3.11. The term ‘u(r,t)dr(2πr)’  denotes the ring 

volume of shaded strip at time t. Thus, the above expression in Eq. 3.11 for Uavg will give 

the ratio between the total dissipated volume of pore water pressure to the volume of initial 

pore water pressure at t = 0.  

 

Fig. 3.11 Interpretation of the definition of U avg 

Based on the above interpretation, the average degree of consolidation for Cases (a), (b) and 

(f) were obtained from the PLAXIS modelling explained in section 3.2. Excess pore water 

pressure variation with time was obtained at points at every 0.2 m interval along the radius 
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of the soil layer at a depth level of 1 m from the ground level. Coefficient of consolidation ch 

of the soil model used was estimated using Eqs. 3.12 and 3.13:  

h
v w

k
c

mγ
=          (3.12) 

(1 )(1 2 )
(1 )vm

E

ν ν
ν

+ −=
−

        (3.13) 

where, k, and mv are the permeability and volume compressibility of the soil layer 

respectively. γw is the unit weight of water. The comparison of analytical and PLAXIS 

results is shown in Fig. 3.12. The agreement between the PLAXIS and analytical results is 

fairly good. The Uavg - T plots obtained from the analytical studies using MATLAB are more 

precise than the numerical results. The agreement can be improved when the pore water 

pressure variation with time in the PLAXIS modelling is obtained for points at smaller 

intervals than 0.2 m, to calculate Uavg – T plots.  

When an applied load induces non-uniform pore water pressure distribution throughout a 

saturated soil layer, the effective stress increment gained at the end of the consolidation in 

the soil layer will also be non-uniform. The Uavg – T charts and the pore water pressure 

isochrones developed in the preceding study did not capture this effect well. This is 

discussed in the following section and a supplementary expression for the degree of 

consolidation has been proposed.  
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Fig. 3.12 Comparison of analytical Uavg – T plots with numerical results 

3.6. Radial Consolidation of a Thin Circular Clay Layer under a Truncated Cone-
Shaped Fill 

Surcharging or preloading is a common ground improvement technique adopted for 

consolidating clayey soils. When a specific quantity of soil is placed as the surcharge, the 

geometry of the embankment has significant effect on the horizontal distribution of the pore 

water pressure as verified in section 2.2. The geometry of the embankment will have 

influence on the rate of pore water pressure dissipation at different points in the soil layer. 

This is verified in this section from the plots of pore water pressure and degree of 

consolidation isochrones. The use of Uavg – T plots and traditional expression of degree of 
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consolidation of U is reviewed for the situations where the pore water pressure distributions 

can’t be approximated as uniform and a supplementary expression was proposed. 

3.7. Surcharging with a Circular Embankment Load 

The geometry of a general embankment applied on a circular soil layer of radius R is shown 

in Fig. 3.13. The radius of the embankment base, crest radius and height are given by R, L 

and H respectively.  The volume of the embankment is given by Eq. 3.14: 

2 2

3 ( ) 3

R HR L HR
V H

R L R L

π π  = − − − −        (3.14) 
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       (3.15) 

Assuming that the unit weight of the embankment remains the same for all geometries, it is 

possible to have a wide range of geometries for the embankment, all of which are axi-

symmetric. The two extreme cases are shown in Fig. 3.13(b) with dashed lines, being either 

in the form of a cone (L = 0) or in the form of a cylinder (L = R). The heights of these two 

embankments are denoted by H0 and HR respectively. There can be other situations with H0< 

H < HR where 0 < L < R. 

The volumes are V0 and VR respectively, which are given by: 
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Non-dimensional variables l = L/R, h = H/R, ho = H0/R and hR = HR/R are introduced here for 

simplicity. 

Since the total volume is constant V = V0 = VR. Therefore, 

( )20 1
3 3R

h h
h l l= = + +        (3.18)  

 

Fig. 3.13 Half-width of an axi-symmetric circular embankment 

The different values of h for specific values of l (0≤l≤1) can be determined in terms of h0. 

Eleven different geometries for l = 0, 0.1, 0.2,...,1.0 are shown in Fig. 3.14. The lateral 

variation of the initial excess pore water pressure induced under the embankment load is 

assumed to take the shape of the embankment as shown in Fig. 3.14. The normalised excess 

pore pressure ratio, is a dimensionless variable, where the initial excess pore water pressure 

is normalised with respect to the peak value for conical embankment (i.e. l = 0).  For a 

relatively thin soil layer of large diameter, the depth variation of pore water pressure can be 

neglected. For the above various initial excess pore water pressure distributions, the time 

dependant radial consolidation behaviour of the soil was analysed mathematically, as 

explained in section 3.4. 
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Fig. 3.14 Embankment geometries and lateral variations of the initial excess pore water 

pressures 

3.8. Results  

The Uavg-T charts developed for the eleven different values of l are shown in Fig. 3.15. As 

intuitively expected and observed from the results in the section 3.5, when the load is 

concentrated more towards the centre than the perimeter, as reflected by lower values of l, 

the consolidation process is slower. With increasing l, the load gets distributed more evenly 

and towards the perimeter, and hence the consolidation is faster.  Between the range of l = 

0.1 to 0.5, apparently no significant difference in Uavg can be observed. Beyond l = 0.5, the 

deviation between the average consolidation rate increases at a faster rate, for each l value. 

At low to mid range values of T (e.g. T = 0.001 – 0.2), there can be significant difference in 

the values of Uavg, depending on how the embankment load is distributed. The average 

degree of consolidation for uniform loading (l = 1) can be more than twice that of conical 

load (l = 0) during the early stages of consolidation (T < 0.04). The geometry of the 

surcharge load has negligible effect at later stages of consolidation (T > 0.5). 
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Fig. 3.15 Uav g-T charts for different embankment geometries 

Although the Uavg – T charts show the overall pore water pressure dissipation happens in the 

soil layer with time, question arises whether this is a reliable way of predicting the degree of 

consolidation attained at any point in the soil layer, especially in the cases of non-uniform 

loading conditions (l ≠ 1.0). In the non-uniform pore water pressure conditions, the applied 

load and hence the effective stress increment at the end of consolidation depends on the 

geometry of the surcharge load. For example, in the case conical distribution of loading (l = 

0.0) at the end of consolidation the effective stress increment will be maximum at the centre 

of the soil layer, and minimum towards the regions closer to the drain. This inconsistency in 

the effective vertical stress increment throughout the soil layer is not captured well in the 

Uavg – T plots. The degree of consolidation achieved at a point in a soil layer at time t is 

estimated from Eq. 3.6. Based on Eq. 3.6, the degree of consolidation isochrones produced 

at time factors T = 0 to 1.0 are shown in Fig. 3.16 for four cases l= 1.0, 0.7, 0.2 and 0.  
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Fig. 3.16 Degree of consolidation (U) isochrones for different l values based on Eq. 3.6 

The rate of pore water pressure dissipation in the soil layer would vary with the horizontal 

distance r, which is well reflected from the isochrones. For example, in Fig. 3.16(a), the 

degree of consolidation U is maximum at r/R = 1.0 and minimum at r/R = 0. Similarly for 

l=0.7, l = 0.2 and l = 0.0, the locations where the minimum and maximum U occurs are 

shown by points 1 and 2 respectively. These locations generally remain unchanged with 

time. When the peak load moves towards the centre of the soil layer (with reducing l value), 

point 2 also approaches the centre and point 1 moves closer to the drain, as verified from the 

isochrones. For further understanding, the degree of consolidation U based on Eq. 3.6 was 

plotted against T in Fig. 3.17 for cases l = 0.7 and l = 0.2, at points 1 and 2 identified in Fig. 

3.16(b) and Fig. 3.16(c). 
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Fig. 3.17 Mamimum and minimum U for conditions (a) l=0.7 and (b) l=0.2 

The plots in Fig. 3.17 show the U-T variations for cases l = 0.7 and 0.2, at the two locations 

where U was maximum and minimum. In addition, another important fact noticed is the 

deviation between the degree of consolidation of the two points within the soil layer. The 

difference is larger for l = 0.7, than for l = 0.2. This effect can be well understood from the 

degree of consolidation isochrones in Fig. 3.16. For lower l values (l = 0.2 and 0.0), the 

isochrones are more horizontal than in the other two case, which reflect the fairly uniform U 

achieved throughout the soil layer. For uniformly distributed loading (e.g. l = 1), U varies 

significantly throughout the clay layer. The differences are more pronounced during the 

early stages of consolidation (lower T values).  

The above degree of consolidation isochrones are useful to understand the nature of the rate 

of pore water pressure dissipation throughout the soil layer influenced by the loading 

conditions. Nevertheless, the variation in the effective stress increment at various points in 

the soil layer is not captured well in cases l= 0.7, 0.2 and 0 by the expression given in Eq. 

3.6. At time factor T =1, the degree of consolidation U is shown as 1 at any point in the soil 

layer in Fig. 3.16. Thus an alternative expression has been proposed in Eq. 3.19, which gives 

the modified degree of consolidation U* , at a point comparative to the maximum degree of 

consolidation value achieved in the soil layer at time t.  



69 

 

*

0,max

( ,0) ( , )u r u r t
U

u

−=        (3.19) 

The modified degree of consolidation at a point is given by the ratio between the pore water 

pressure dissipated and the maximum value of the initial pore water pressure distribution (u0, 

max). Based on Eq. 3.19, the degree of consolidation isochrones were reproduced in Fig. 3.18, 

for the four loading conditions l= 1.0, 0.7, 0.2 and 0 (Full list of figures is given in 

Appendix B). 

 

Fig. 3.18 U* isochrones for different l values based on Eq. 3.19 

U*  at any point in the soil layer, with respect to the maximum value can be found from the 

isochrones at T of 0 to 1. At any time factor T, the location where the maximum or minimum 

U*  occurs is also well defined in the isochrones. At all times, the maximum value of U*  

occurs at the radial distance where the uniform pressure ends and the ramp loading begins 

(e.g. r/R = 0.7 in Fig. 3.18(b)). At the end of consolidation, the distribution of U*  attained 

along the normalised radius r/R is similar to shape of the surcharge load applied. It should be 

noted that the supplementary definition U*  given by Eq. 3.19 does not make any difference 

for case l = 1.0, which is the uniformly distributed loading condition. Alternatively, the U*  
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isochrones can be plotted against T at various r/R values. Example is given in Eq. 3.19 for 

case l = 0.5. The degree of consolidation U*  for regions closer to the peripheral drain (r/R> 

0. 5) is maximum up to T ≈ 0.2, thereafter the U*  values closer to the centre becomes the 

greatest. By multiplying the degree of consolidation with the peak load, the effective stress 

increment at point r at a time t can be estimated. The Uavg – T plot is also embedded within 

the isochrones. From Fig. 3.16 to Fig. 3.19 it is clear that in the cases of non-uniform pore 

water pressure distribution, consolidation isochrones based on Eq. 3.19 are more useful than 

the Uavg – T plots in estimating the degree of consolidation at a point in the soil layer 

comparative to the maximum value.   

 

Fig. 3.19 U*-T isochrones at different r/R intervals 

3.9. Summary and Conclusions 

In a saturated soil layer, the horizontal distribution of excess pore water pressure induced 

following a load increment can be non-uniform, depending on the spread of the load at the 

ground level. The horizontal distribution of excess pore water pressure is overlooked in 

solutions developed to date for radial consolidation. In the current study, the influence of the 

axi-symmetric non-uniform horizontal distribution of pore water pressure has been 
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considered in the radial consolidation analysis of a cylindrical soil layer, which is draining 

through a peripheral drain. Some of the practical situations where similar consolidation 

process occurs were discussed.  

Various excess pore water distribution patterns which occur under different practical loading 

conditions were identified from the numerical modelling in PLAXIS. Depending on the 

geometry of the applied load at the ground level, time lag allowed for load application, soil 

properties and drainage conditions, the excess pore water pressure distribution in the 

underlying soil layer can vary in the horizontal direction, and the distribution pattern is 

unique for each scenario. Initial excess pore water pressure distribution is an important 

boundary condition in the consolidation analysis. Considering the various pore water 

pressure distributions identified in the PLAXIS modelling, the following time dependant 

consolidation process of the soil layer was analysed using series solutions method. The 

applicability of the analytical modelling with sufficient accuracy was validated by 

comparing the results from PLAXIS modelling.  

Different initial excess pore water pressure distribution results in dissimilar consolidation 

behaviour of the soil layer, which was verified by comparing the Uavg – T plots for various 

cases. Based on the Uavg – T plots, the overall consolidation is found to be faster when the 

excess pore water pressure is distributed more towards the drain and less at the impermeable 

boundary. For some initial pore pressure distributions, an important phenomena called “pore 

water pressure redistribution” occurs, which can accelerate or delay the consolidation 

process, depending on whether it occurs closer or away from the drainage boundary.   

The Uavg – T charts developed in the above studies are a measure of the volume of the pore 

water pressure dissipated with respect to the initial pore water pressure distribution. They do 

not capture the true picture of the degree of consolidation U achieved at various distances 

from the centre of the soil layer or the inconsistency in the effective stress increment 

achieved throughout the soil layer at the end of consolidation process. This was considered 

in the second part of the analysis. The consolidation behaviour of the underlying circular soil 

layer, under a constant weight of surcharge load of different geometries was studied. The 

extreme geometries of the surcharge load were in the form of a cylinder (l = 1) or a cone (l = 

0). Plots were developed for the average degree of consolidation (Uavg), and also for degree 

of consolidation (U) at different points in the soil layer. The degree of isochrones developed 
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from the traditional expression for U well defines the variation of pore water pressure 

dissipation rate at different points in the soil layer. Although the supplementary expression 

U*  proposed is found to be more useful in capturing the non-uniformity in the degree of 

consolidation and effective stress increment achieved throughout the soil layer which is 

inevitable in the non-uniform loading conditions.  

In the cylindrical soil layer considered in the analysis, the depth variation of the excess pore 

water pressure was considered uniform. This is true for moderate depth/radius ratios.  The 

excess pore water pressure distributions can be complex under footing loads, where the 

excess pore water pressure varies with depth and horizontal distance in a random way. In 

those situations an average initial pore water pressure distribution might be used for the 

analysis.  

When a specific time is chosen as a ‘’datum’ or ‘zero time” for a consolidation analysis, a 

good understanding of the pore water pressure distribution at that time is necessary, for 

reliable prediction of the degree of consolidation achieved in various practical situations, 

both for radial and one dimensional consolidation. The standard Uavg – T curves available for 

uniformly distributed initial pore water pressure condition are inadequate to be applied in 

different practical situations, and they would overestimate the degree of consolidation 

achieved at a particular time. With a proper knowledge of the initial excess pore water 

pressure distributions, one can confidently model the consolidation problem analytically, for 

predicting the overall consolidation process accomplished in the soil layer at any time. In 

comparable loading and drainage conditions, the plots derived in the present analysis can be 

used for predicting the consolidation behaviour of the underlying soil layer. 
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 Influence of settling pattern of clay particles on the properties Chapter 4.
of dredged mud sediment 

4.1. General 

During the sedimentation process happening in a clay-water suspension, the factors 

influencing the settling pattern of clay particles was discussed in detail in section 2.4.1. 

Several previous studies indicate that the settling pattern of clay particles affect the nature of 

the fabric (i.e association between the particles) in the sediment, which in turn will have 

impacts on the mechanical response of the sediment when subjected to a load increment. For 

example, the permeability and compressibility behaviour of soil sediment greatly depends on 

the nature of the fabric as identified in Section 2.4.4. Further, the settling patterns of clay 

particles govern the degree of segregation or grain size sorting in the resulting sediment, 

consequently affecting its extent of homogeneity.  

The application of sedimentation can be crucial in various practical situations, both in the 

freshwater and saltwater or marine environment. In the marine environment, land 

reclamation projects are carried out adjacent to the ports or airports and at some instances 

fine grained soft soils are placed into the site in a slurry form. Similar land reclamation 

project undertaken at the Port of Brisbane is outlined in section 2.3. The maintenance 

dredged mud is reused as filling material, which is remoulded with sea water and the slurry 

is then pumped into the containment paddocks within the site followed by sedimentation. 

The dredged mud fill is then consolidated by means of preloading and vertical drains prior to 

the construction works commence.  

Assessing appropriate consolidation and compressibility properties of the resulting 

reclamation fill is critical for the prediction of time dependant consolidation and settlement 

process of the fill. The knowledge on both the vertical and horizontal properties is important 

when vertical drains are incorporated. Examining the previous experimental studies 

undertaken on the sediment properties (Section 2.4.3 to 2.4.5), it was identified that further 

investigations are essential to study the influence of settling pattern of clay particles on the 

resulting sediment properties. The earlier studies demonstrate the effect of settling pattern on 

the homogeneity of the particle size distribution in the sediment. However, none of the 

studies considered the homogeneity in the sediment properties, such as compressibility and 
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permeability. Further, the effect of settling pattern of particles on the nature of fabric was 

studied extensively, although, the anisotropy in the consolidation and compressibility 

properties was overlooked.  

Considering the above facts, the objectives of the experimental study presented in this 

chapter are formulated. Imai (1981) presented the boundary values for the water content and 

salt concentration of clay-water suspensions for different settling patterns to occur in the 

natural clayey soils (Fig. 2.18). Following that, the dredged mud obtained from the Port of 

Brisbane (PoB) reclamation site was remoulded at two different water contents and salt 

concentration in order to prepare clay – water suspensions with flocculated and dispersed 

particles, as explained in section 4.2.2.  The slurry was then separately allowed to undergo 

sedimentation under self-weight followed by consolidation under surcharge loading. From 

the final sediments, specimens were extruded for the series of oedometer tests both with one 

dimensional and radial consolidation. More details on the experimental setup and sample 

preparation are given in sections 4.2.2 and 4.2.3. 

Results were obtained for the various parameters such as coefficient of consolidation and 

permeability both in the vertical and horizontal direction (cv, ch and kv, kh), and 

compressibility properties (Cc, Cr and mv). The influence of the different settling patterns on 

the sediment properties, in terms of its homogeneity and anisotropy was analysed. Some of 

the important observations of the experimental study were validated by replicating the tests 

on the dredged mud obtained from the Port of Townsville (TSV).  

4.2. Experimental studies  

This section outlines the physical properties of PoB and TSV dredged mud used in the 

experimental studies and the detailed procedure of sedimentation and consolidation of 

dredged mud slurries together with specimen preparation for the oedometer tests.  

4.2.1. Physical properties of the PoB and TSV dredged mud  

The mineralogy of PoB and TSV mud was assessed from the X-Ray Diffraction (XRD) 

tests. In addition, the index properties of both the dredged mud samples, such as, particle 

size distribution, Atterberg limits and specific gravity were estimated from laboratory tests. 
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The tests were performed relevant to the Australian standards which are given in 

parenthesis.  

4.2.1.1 Mineralogy 

XRD tests were conducted at the Advanced Analytical Centre (AAC) of James Cook 

University in order to examine the mineralogical components of both PoB and TSV dredged 

mud used for the present experimental studies (Table 4.1). The mineralogy of TSV and PoB 

dredged muds are comparable, the major constituents of both the soils being Quartz, Kaolin 

and Illite.  

Table 4.1 Mineralogy of PoB and TSV dredged mud  

Compound Name PoB 

 (% weight) 

TSV 

(% weight) 

Quartz - (SiO2) 31 31 

Kaolin- Al 2(Si2O5)(OH)4 21 17 

Illite/Muscovite – K 2(Al,Fe)(Si6Al 2O20)(OH)4 25 21 

Amphibole  2 4 

Sodium plagioclase – NaAlSi3O8 

Sodium calcium plagioclase – (Na,Ca)Al(Si,Al)3O8 

- 

2 

15 

- 

Pottasium feldspar – KAlSi3O8 11 8 

Calcite – CaCO3 - 2 

Halite - NaCl - 1 

Pyrite – FeS2 5 - 

Expansive clay 2 2 

 

4.2.1.2 Particle size distribution  

The dredged samples obtained were high in water content, therefore wet sieve analysis was 

considered as the appropriate test method for the classification of coarse grained soil 

particles (AS1289.3.6.1 – 1995). The average water content of both the PoB and TSV 

samples was around 80%. Particles passing the 0.075 mm sieve were initially dried 

completely prior to using them for the Hydrometer analysis (AS1289.3.6.3 – 2003). The 
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general classification of particles according to the particle size is shown in Fig. 4.1. Based 

on that, the major constituents of dredged mud are presented in Table 4.2. Both the dredged 

mud can be classified as fined grained clayey soils. TSV dredged mud shows lesser clay 

content and higher silt content compared to the PoB mud.  

 

Fig. 4.1 Classification of soil particles 

Table 4.2 Percentage of coarser and finer particles in the dredged mud 

 

 

4.2.1.3 Atterberg limits  

Particles passing 425 µm sieve were used for the Atterberg limits tests. The dredged mud 

samples were wet sieved, and then dried with regular mixing to get the required uniform 

consistency. Falling cone method (AS1289.3.9.1 – 2002) was used to determine the liquid 

limit (LL) of the dredged mud samples. Together with LL, the results of plastic limit (PL) 

(AS1289.3.9.1 – 2002), linear shrinkage (AS 1289.3.4.1 – 2008), plasticity index (PI) and 

liquidity index (LI) are given in Table 4.3. 

Table 4.3 Atterberg limits of dredged mud 

 

 

 

Particles PoB (%) TSV (%) 
Sand 10 10 
Silt 34 42 
Clay 56 48 

Characteristics PoB TSV 
Liquid limit (%) 80-85 73-78 
Plastic limit (%) 34-37 30-35 
Linear shrinkage (%) 18-19 15-17 
Plasticity index  44-46 44-46 

Clays Silts Sands Gravels Cobbles Boulder 

0 

Grain Size 

(mm) 

0.002 0.075 2.36 63 200 
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Casagrande’s PI-LL chart used to evaluate the plasticity of a soil is shown in Fig. 4.2. The 

regions for the low, medium and high plasticity are denoted in the figure based on the 

plasticity index and liquid limit of the soil. The ‘A line’ in the figure is the empirical line 

which separates the inorganic clays from the organic soils, given by the equation 

PI=0.73(LL-20). From the atterberg limit values, and particle size distribution discussed 

above, both PoB and TSV dredged mud can be classified as fined grained highly plasticity 

clayey soils.  

 

Fig. 4.2  Casagrande’s PI-LL chart 

4.2.1.4 Specific Gravity (SG) 

The specific gravity tests were conducted according to the standard AS1289.3.5.1-2006 on 

number of dredged mud samples. The SG values of PoB and TSV mud are 2.65 and 2.70 

respectively.  

4.2.1.5 Presence of heavy metals in PoB dredged mud 

ICP-AES2 and ICP-MS3 tests were conducted at the Advance Analytical Centre (AAC) at 

James Cook University, for the quantitative analysis of the heavy metals presence in the PoB 

dredged mud.  The results are presented in Table 4.4. Port of Brisbane is surrounded with 

highly dense industrial areas, thus the marine clays are prone to contamination with heavy 
                                                           
2
 ICP – AES Inductively Coupled Plasma Atomic Emission Spectroscopy 

3
 ICP – MS Inductively Coupled Plasma Mass Spectrometry 



78 

 

metals. According to the Environmental standards of ACT4 (EPA 1999), the values given in 

Table 4.4 are well below the allowable threshold values of the heavy metal concentration in 

solid wastes.  

Table 4.4 Presence of heavy metals in PoB dredged mud 

 

 

 

 

 

4.2.2. Sedimentation and consolidation of PoB dredged mud  

The PoB dredged mud was remoulded at two different water content and salt concentration 

to prepare the flocculated and dispersed slurries, according to the procedure suggested by 

Imai (1981) (Fig. 2.18). The dredged mud sample is comprised of impurities such as broken 

shells, debris and stones. Presence of a stone in oedometer specimen would make the 

specimen non-homogeneous and can complicate the strain and the pore water flow, therefore 

the sample was initially sieved through a 2.36 mm sieve to remove the impurities. The 

weight percentage of the removed materials was small when compared to the total weight of 

the dredged mud. 

The flocculated slurry was prepared simulating the conditions at the PoB land reclamation 

site, where the dredged mud is mixed with natural sea water at water content between 200 

and 300 %. Sea water obtained from the Port of Townsville was used to mix the dredged 

mud at a water content of about 270 %. The salt concentration of the sea water was about 

370 N/m3, which was estimated by drying a unit volume it. The dispersed slurry was 

                                                           
4
 ACT – Australian Capital Territory  

Element Concentration (mg/kg or ppm) Element Concentration (mg/kg or ppm) 

Ag < = 0.05 Cu 18.1 

Al 3970 Fe 28500 

As 7.02 Hg < = 0.5 

Ba  51.3 Mn 695 

Be 0.9 Mo 1.02 

Cd 0.431 Ni 17.2 

Co 15.1 Pb 13.7 

Cr 18.1 Sb < = 0.05 

Se < = 1 Ti 0.097 

Zn 55.3   
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prepared using the freshwater at a water content of about 600 %. The water content was kept 

as minimum as possible, to limit the height of the cylinder in which the slurry is placed.  

For placing the slurry, cylindrical Perspex tubes of 100 mm diameter were used. A porous 

plate covered by a filter paper was fixed to the bottom. The slurry was thoroughly mixed and 

poured into the tube up to its entire height. The Perspex tube with the flocculated slurry was 

then placed in a vessel filled with seawater. Similarly, the tube with dispersed slurry was 

immersed into the freshwater. The slurry was initially allowed to undergo self-weight 

settlement. One week later, another filter paper and porous top cap were placed on top of the 

dredged mud. When the dredged mud column completed most of its self-weight 

consolidation settlement, it was sequentially loaded with small weights in the range of 1000 

to 3000 g and was allowed to consolidate under each vertical stress increment until no more 

apparent settlement was observed before the next weight was added. A maximum vertical 

stress of 21 kPa was applied over the duration of eight weeks to give sufficient strength to 

the sediment so that it can be extruded and handled without much disturbance.  

Throughout the following sections, the term ‘saltwater’ is used to represent the flocculated 

sediment and ‘freshwater’ for the dispersed sediment. 

 

Fig. 4.3 Specimen locations for oedometer tests 

 

2

SR3 

SV3 

SV2 

SR2 

SV1 

SR1 

300 mm  

FR3 

FV3 

FV2 

FR2 

FV1 

FR1 

350 mm  

Notations 

‘S’- Saltwater 

‘F’- Freshwater 

‘V’-Vertical consolidation 

‘R’-Radial consolidation 

 

Saltwater sediment Freshwater sediment 
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4.2.3. Specimen preparation for the oedometer tests  

At the end of eight weeks of consolidation, the loads were taken out, porous bottom cap was 

removed, and the dredged mud column was pushed out gently to extrude specimens for the 

oedometer tests. The very top and bottom parts of the column were trimmed off to exclude 

the portions that could have been disturbed by the movement of porous caps. Six oedometer 

specimens of 76 mm diameter, 20 mm height were extruded at three different depth levels as 

illustrated in the schematic diagram in Fig. 4.3. This exercise is to establish the depth 

variation of the properties in each sedimentation column. At each depth levels, two 

oedometer specimens were extruded for a standard vertical and a radial consolidation test, to 

assess the anisotropy in the properties. The specimens have been named using the letters ‘S’ 

and ‘F’ representing the saltwater and freshwater mix, and ‘V’ and ‘R’ are to denote 

specimens used for the standard vertical consolidation and radial consolidation respectively.  

Altogether six specimens were tested for radial consolidation with an outer peripheral drain 

from both the saltwater and freshwater sediment. A strip of porous plastic material of 1.58 

mm thickness was used for the peripheral drain. The strip of drain was aligned along the 

inner periphery of the oedometer ring as shown in Fig. 4.4. A special cutting ring of 

diameter of 72.84 mm was used to cut the specimen for the radial consolidation tests. The 

cutting ring had a circular flange at its bottom. A groove was carved along the inner 

periphery of the flange. The grove had a thickness equal to the thickness of the bottom edge 

of oedometer ring plus the peripheral drain. The oedometer ring was placed tightly in the 

groove, to make it align properly with the cutting ring. The specimen in the cutting ring was 

then carefully transferred to the oedometer ring using a top cap, without causing any 

disturbance (Fig. 4.4). The porous top cap used for standard vertical consolidation tests was 

replaced with a thick Perspex impermeable cap, which had a diameter equal to the diameter 

of the specimen. At the bottom, the porous stone was fully covered with an impermeable 

membrane and the specimen was aligned on top. Another impermeable membrane was 

placed between the top cap and the specimen to ensure that the upper consolidation 

boundary is impervious.  

Standard one-dimensional consolidation tests were carried out on the rest of the six 

specimens from the saltwater and freshwater sediments. Each oedometer specimen was 
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loaded between a vertical stress range of 2 kPa to 880 kPa. A load increment ratio of 1.0 was 

adopted.  

 

Fig. 4.4 Specimen preparation for radial consolidation test 

4.3. Correction for the effect of salinity in the water content 

Natural sea water was used in preparing the flocculated slurry in the experimental procedure 

described above. When the soil is mixed with saltwater, the water content measured by 

drying the sample will give erroneous results. The correction to be made for the effect of 

salinity is given in Imai et al. (1979). Generally, the water content of a soil sample (w) is 

estimated using the relationship given in Eq. 4.1, where Mw and Md are the weight of the 

water and dry soil respectively. 

w

d

M
w

M
=          (4.1) 

If there is dissolved salt crystals present in the pore water, the weight of the dry soil 

measured will include the weight of the crystallised salt as well. Therefore, 

d s cM M M= +         (4.2) 

where, Ms and Mc are the weight of the pure dry soil and weight of the salt crystals 

respectively. The correct water content of the soil sample should be given by Eq. 4.3. 

* w c

s

M M
w

M

+=         (4.3) 

From Eq. 4.1 and Eq. 4.2 the term ‘Md’ can be excluded, and ‘Ms’ is given by Eq. 4.4 
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w
s c

M
M M

w
= −         (4.4) 

The salt concentration β in the sea water can be expressed by Eq. 4.5 

c

w

M

M
β =          (4.5) 

Substituting the relationships in Eq. 4.4 and Eq. 4.5 in Eq. 4.3, the true water content can be 

expressed as, 

1
*

1
 w w

w

β
β

+=
−

        (4.6) 

Eq. 4.6 was used in estimating the correct water content of the saltwater specimens in the 

present study. The average initial water content (w) of the oedometer specimens obtained 

from saltwater sediment was about 75 % before correcting for the salinity. The salt 

concentration of the sea water � was 370 N/m3. Inputting these values, the corrected water 

content calculated from Eq. 4.6 was about 85 % (density of sea water – 1029 N/m3), which 

indicates the effect of the salinity can not be neglected in this case.   

4.4. Results 

The results obtained for the particle size distribution, and from the oedometer tests with 

vertical and radial drainage are discussed in this section.  

4.4.1. Particle segregation 

The variations in the particle size distribution with depth were evaluated for both freshwater 

and saltwater sediments. At the end of the oedometer tests, the particle size distribution of 

selected specimens were analysed, and the results are plotted in Fig. 4.5. The particle size 

distribution (PSD) curve of sample collected at the very bottom of the freshwater sediment is 

also included in the figure.  

The high degree of segregation induced in the freshwater sediment is evident from the four 

PSD curves. At the very bottom of the sediment much coarser particles can be found. About 

70% of the particles are more than 100 µm in size. At shallower depths, the percentage of 
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finer particle is high. At the top of the freshwater sediment (FV2, FV3), almost all the 

particles are less than 100 µm in size. When compared to the freshwater sediment, the 

saltwater sediment shows closely spaced PSD curves of the three samples extruded at the 

different depths. This confirms the relatively uniform particle size distribution along the 

depth of the saltwater sediment compared to the freshwater sediment. In average, the 

saltwater samples contains clay sized (< 2 µm) and silt sized particles (> 2 µm) in equal 

percentage.  

 

Fig. 4.5 Particle size distribution of different specimens 

4.4.2. Curve fitting method 

From the settlement versus time data of specimens obtained from the oedometer tests, 

vertical and horizontal coefficients of consolidation cv and ch were estimated under each 

vertical stress. Taylor’s square root of time method was used to estimate the cv. For finding 

ch, a curve fitting method slightly different from the Taylor’s method was used, which was 

proposed by Head (1986) for an equal strain loading. In the ‘equal strain’ loading, the 

applied load is transferred to the specimen through a rigid loading plate, which maintains the 

strain at any point on a horizontal plane of the specimen uniform. The curve fitting 

procedure is illustrated in Fig. 4.6. The settlement vs. time 0.5 plot is drawn. The straight line 

portion in the plot is identified, and a line is drawn with an absicca of 1.17 times of the 

straight portion which intersects the curve at 90 % consolidation. The time factor at 90 % 

consolidation (T90) is 0.288.  
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Fig. 4.6 Curve fitting method for equal strain loading to estimate ch 

4.4.3. Consolidation and compressibility properties 

4.4.3.1 Depth variation of properties  

The variation of coefficient of consolidation cv, ch permeability kv, kh and volume 

compressibility mv with effective vertical stress σ′
v are illustrated for both saltwater and 

freshwater specimens in Fig. 4.7 - Fig. 4.11. Permeability values kv and kh were calculated by 

the equations kv = γw mv cv and kh = γw mv  ch (Indraratna et al. 2005; Robinson  2009;  and 

Sridharan et al. 1996). 

Fig. 4.7 compares the variation of cv values with σ′
v in the saltwater and freshwater sediment. 

For the saltwater specimens, in the re-compression range (σ
′
v < 20 kPa) the cv values are 

distributed in a scattered way. This difference narrows down rapidly as the σ
′
v  approaches 

the pre-consolidation stress which is about 20 kPa. In the normally consolidated range (σ
′
v > 

20 kPa) the overall cv values lie in a narrow range of 0.1 – 0.2 m2/year (Fig. 4.7(a)). In 

contrast, the specimens extruded from the freshwater sediment shows scattered cv over the 

entire σ’
v range. The large difference found among the cv values in the recompression range 

narrows down towards the pre-consolidation pressure before it increases again for σ
´
v  > 30 

x 0.17 x 

t90 

[t(s)]
0.5 
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kPa. In the normally consolidated region, the cv values lie in a broader range of 0.03 – 0.3 

m2/year. Specimen FV1, which was extruded at the very bottom of the soil column where 

much coarser particles were found, shows the highest cv. The ratio between the maximum 

and minimum cv is as high as nine times even at high stress level of σ
´
v  > 200 kPa.  

Similar trends can be observed in the kv variation with σv
’ too (Fig. 4.8). In the saltwater 

sediment, for σ´
v >  20 kPa, the kv values of all the specimens are similar. For the freshwater 

sediment, the kv values lie in a broader range. Specimen FV1 shows the highest kv in the 

freshwater sediment. Overall the kv values constantly decreases with σ
´
v except for a slight 

increase at σ´
v = 100 kPa. The large deviation among the kv values of specimens observed in 

the recompression range narrows down towards the normally consolidated region for both 

the saltwater and freshwater sediment. The scattered distribution of cv and kv values over 

depth in the freshwater sediments, even at high stress levels, can be attributed to the 

potential grain size sorting that occurs during the settlement of soil particles.  

 

Fig. 4.7 Variation of cv with σ´
v for (a) saltwater (b) freshwater specimens 
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Fig. 4.8 Variation of k v with σ´
v for (a) saltwater (b) freshwater specimens 

The variation of ch with σ´
v for the saltwater and freshwater specimens is shown in Fig. 4.9. 

The large differences found between the ch values of the saltwater specimens become less 

for σ´
v > 100 kPa. The ch values of the freshwater specimens show a trend of FR1 > FR2 > 

FR3 up to σ’
v = 100 kPa, beyond which the values are approximately equal for all three 

specimens.  It can be observed that the ch values of saltwater specimens are large compared 

to the freshwater specimens. For 10 < σ
’
v  < 400 kPa, the values lie in the range of 0.3 – 2 

m2/year , while for the freshwater sediment the range is between 0.1 and 0.3 m2/year.  The 

reduction of ch with σ´
v is very significant in saltwater specimens compared to the freshwater 

specimens. For both the saltwater and freshwater sediment, large discrepancy between the ch 

of different specimens is noticed in the recompression range, which reduces closer to the 

pre-consolidation pressure.  

 

Fig. 4.9 Variation of ch with σ´
v for (a) saltwater (b) freshwater specimens 
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The variation of horizontal permeability kh with σ´
v is illustrated in Fig. 4.10. In the normally 

consolidated region, the kh values lie in a narrow range for each σ
´
v values for the saltwater 

specimens. For the freshwater specimens, the kh values are almost equal at all depth levels. 

kh of both the saltwater and freshwater specimens gradually decrease with increasing σ
´
v. The 

large deviation between the kh of both saltwater and freshwater specimens narrows down 

during the transition from the recompression range to the normally consolidated range.   

The mv variation with σ´
v is given in Fig. 4.11 for the saltwater and freshwater specimens. 

Large difference between the values in the recompression range is obvious for the saltwater 

and freshwater specimens. For σ
´
v > 30 kPa the difference between the mv values reduces in 

Fig. 4.11(a) and Fig. 4.11(b). mv of both saltwater and freshwater specimens decreases with 

increasing σ´
v as the soil skeleton becomes stiffer.   

The ep – log σ´
v plots are illustrated in Fig. 4.12 for both saltwater and freshwater specimens, 

where ep is the void ratio of the specimen at the end of primary consolidation under each 

vertical stress. The initial void ratio e0, compression index Cc and recompression index Cr of 

the specimens are given in Table 4.5. The initial void ratios vary between 2.0 and 3.0 for the 

saltwater specimens, and between 1.5 and 3.0 for the freshwater specimens. The differences 

found in the initial void ratios of saltwater specimens can be due to the decaying distribution 

of applied load over the depth of the sedimentation column due to wall friction in the 

cylinder. The e0 values are the lowest for specimens at the top of the sediment (SV3, SR3) 

and highest at the bottom (SV1, SR1). In addition to the above reason, the different particles 

size distribution induces varying e0 values over the depth in the freshwater sediment. At the 

bottom of the freshwater sediment, where much coarser particles were found, the e0 values 

are the least (FV1, FR1). The specimens extruded from the top of the freshwater sediment 

(FV3, FR3), which consist of finer particles, show the highest e0 values. Appropriate 

Specific gravity values were estimated from samples collected at different depth levels of 

the sediment, which were incorporated in the calculations of the void ratio values.  

Compression index Cc and recompression index Cr of the saltwater and freshwater 

specimens are shown in Table 4.5. The Cc of saltwater specimens varies in a narrow range of 

0.56-0.74. For the freshwater specimens, this range is large which lies between 0.39 and 

0.90. This can be also verified from the parallel ep – log σ´
v plots of saltwater specimens in 

Fig. 4.12(a), whereas, the plots of the freshwater specimens does not show any parallelism in 
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the normally consolidated region Fig. 4.12(b).  The bottom part of the freshwater sediment is 

the least compressible (FV1, FR1) where the coarser particles were found. Specimen FR3 

extruded from the top shows the highest Cc value, which consists of much finer particles. 

Similar observations are reflected in the Cr values of the freshwater specimens as well.  

 

 

Fig. 4.10 Variation of k h with σ´
v for (a) saltwater (b) freshwater specimens 

 

Fig. 4.11 Variation of mv with σ´
v for (a) saltwater (b) freshwater specimens 
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Fig. 4.12 ep-log σ´
v relationship for (a) saltwater and (b) freshwater specimens 
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Table 4.5 Compression and recompression index (Cc and Cr)  

Saltwater Freshwater 

Specimen e0 Cc Cr Specimen e0 Cc Cr 

SV1 2.94 0.725 0.085 FV1 1.45 0.39 0.032 

SR1 2.94 0.738 0.113 FR1 1.89 0.483 0.032 

SV2 2.80 0.574 0.073 FV2 2.38 0.694 0.040 

SR2 2.52 0.558 0.078 FR2 2.83 0.757 0.097 

SV3 2.20 0.601 0.084 FV3 2.72 0.642 0.086 

SR3 2.02 0.645 0.057 FR3 2.86 0.902 0.142 

 

4.4.3.2 Anisotropy in permeability and coefficient of consolidation 

The ch and cv of each pair of specimen extruded at three different depth levels of the 

saltwater and freshwater sediment are compared in Fig. 4.13(a) - Fig. 4.13(f) in the normally 

consolidated region. Fig. 4.13(g) and Fig. 4.13(h) show the variation of degree of anisotropy 

(ch/cv) with σ´
v for the saltwater and freshwater specimens respectively.  

In Fig. 4.13(a) - Fig. 4.13(f), it is observed that the coefficient of consolidation in the 

horizontal direction (ch) is generally higher than that in the vertical direction (cv) for both 

saltwater and freshwater sediments. This can also be verified from the variation of ratio ch/cv 

with σ´
v in Fig. 4.13(g) and Fig. 4.13(h), where the line for the ‘isotropic coefficient 

consolidation (i.e ch = cv)’ has been shown in dotted line. The ratio ch/cv is greater than 1 at 

any vertical stress level for the saltwater specimens in Fig. 4.13(g). For the freshwater 

specimens, for σ´
v < 60 kPa, the ch is greater than cv for all the pairs, beyond which, almost 

isotropic coefficient of consolidation is observed except for pair FV2, FR2 in Fig. 4.13(h).  

For the saltwater specimens as observed in Fig. 4.13(a), (c) and (e), the ch values reduces 

largely with the increase in σ´
v, compared to the cv values. The cv values either increases or 

stay constant with the increasing σ
´
v. This results in a decrease in anisotropy (ch/cv) for the 
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saltwater specimens (Fig. 4.14(g)). In the freshwater specimens, the ch values generally 

remain constant with the variation of σ´
v, whereas the cv values increases. Consequently the 

ratio ch/cv decreases in Fig. 4.13(h). However, the pairs SV3, SR3 and FV2, FR2 show 

constant degree of anisotropy with varying σ
´
v.  

Comparing Fig. 4.13(g) and Fig. 4.13(h), large degree of anisotropy is more prevalent in the 

saltwater specimens than in the freshwater specimens. At σ
´
v < 30 kPa, specimens SV1, SR1 

and SV2, SR2 show a ch/cv ratio of more than 20. Such a high value can be uncommon, 

however the ratio decreases rapidly with the increasing σ
´
v. At σ´

v > 100 kPa, this ratio varies 

between 2 and 5 for all three pairs. In the freshwater specimens, for σ
´
v > 100 kPa, the ch/cv 

varies between 0.9 and 2; the pair FV2, FR2 shows a constant ratio of 5, throughout the 

entire σ´
v interval.  

The degree of anisotropy in permeability given by the ratio kh/kv was plotted against σ´
v in 

Fig. 4.14 for both the saltwater and freshwater specimens. The permeability in the horizontal 

direction (kh) is mostly larger than in the vertical direction (kv) for both saltwater and 

freshwater specimens. The trend for the variation of kh/kv with σ´
v exhibited by the specimens 

is very similar to the variation of ch/cv observed in Fig. 4.13(g) and Fig. 4.13(h).  
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Fig. 4.13 Comparison of cv and ch for specimens (a) SV1, SR1 (b) FV1, FR1 (c) SV2, SR2 (d) 

FV2, FR2 (e) SV3, SR3 (f) FV3, FR3, Degree of anisotropy for (g) saltwater specimens (h) 

freshwater specimens  
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Fig. 4.14 Anisotropy in permeability (a) saltwater and (b) freshwater specimens 

4.5. Discussion 

From the results, it was observed that the saltwater and freshwater sediments show distinct 

differences in the degree of homogeneity and anisotropy.  Saltwater sediment was formed 

from the ‘flocculated slurry’ and freshwater sediment from the ‘dispersed slurry’. As 

anticipated, the particle size distribution in the saltwater sediment is uniform with depth 

compared to the freshwater sediment. This is reflected in the depth variation of the 

consolidation and compressibility properties of the final sediment. In the saltwater sediment 

the properties of the specimens extruded at different depth levels, lie in a narrow range at 

any stress level in the normally consolidated region. Whereas, large depth variation is 

observed in the cv, kv, Cc and Cr values of the freshwater sediment. However the horizontal 

consolidation properties ch, kh and volume compressibility mv are relatively uniform over the 

depth in the freshwater sediment.  

Both the saltwater and freshwater sediment were consolidated in cylindrical column under 

surcharge loads applied by means of small weights stacked on the top of the sediment. The 

load thus applied at the top is expected to decay with depth due to the wall friction in the 

cylinder. This can have effects on the void ratio of specimens extruded at different depth 

levels in the sediment, as discussed in section 4.4.3.1. This is reflected in the non-uniform 

distribution of the initial void ratio of specimens extruded at different depth levels of the 

saltwater sediment. Further, the depth varying applied load can induce slight difference in 
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the pre-consolidation stress of specimens, which results different over consolidation ratio 

under a particular vertical stress in the recompression range. Consequently the properties of 

the identical specimens extruded at the same depth level can be different in the 

recompression range. This effect is prevalent from Fig. 4.7 to Fig. 4.11, where the variation 

of consolidation and compressibility properties with σ
´
v are illustrated. The differences 

between the properties of specimens are large under the light loads in the recompression 

range (σ´
v < 20 kPa). This large deviation between the properties rapidly reduces towards the 

pre consolidation stress. This is due to the high degree of particle reorientation happens at 

stresses greater than the pre-consolidation stress as reported in Crawford (1968), Quigley 

and Thompson (1966) and Cetin (2004).  

From Fig. 4.13 it was observed that the reduction in ch with vertical stress is more significant 

than the reduction in cv in the normally consolidated region, for both the saltwater and 

freshwater sediment. This is attributed to the overall reduction in the degree of anisotropy 

(ch/cv) with the increase in the vertical stress in Fig. 4.13(g) and (h). To investigate this 

observation, the variation in the permeability kv and kh was compared with the variation of 

mv for two identical specimens from both the saltwater and freshwater sediment (Fig. 4.15). 

Fig. 4.15(a) shows the reduction in mv values of saltwater specimens SV3 and SR3 with σ
´
v 

and Fig. 4.15(b) illustrates the corresponding variation in the permeability kv and kh of 

specimens SV3 and SR3 respectively. Similarly Fig. 4.15(c) and Fig. 4.15(d) compare the 

mv variation of freshwater specimens FV3 and FR3 against kv and kh. The coefficient of 

volume compressibility mv is similar for the two identical oedometer specimens extruded at 

the same depth level regardless of the direction of the pore water flow, i.e vertical or radial. 

However, the reduction of kh is more rapid than the reduction in kv with the increasing σ´
v. 

For example the kh value of specimen SR3 reduces largely when compared to the kv value of 

specimen SV3. When subjected to a vertical compression as in the oedometer (i. e 

anisotropic loading), the particles reorient themselves normal to the loading directions, and 

come into a face to face contact with the adjacent particles. This can narrow down the flow 

path parallel to the horizontal direction consequently reducing the horizontal permeability 

largely when compared to the vertical permeability. This is reflected in the more rapid 

reduction in kh than in kv.  

According to section 2.4.5, under the application of incremental anisotropic loading, the 

fabric anisotropy becomes stronger. Therefore it is anticipated that the anisotropy in the 
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permeability will gradually increase. Although any such notable increase in the anisotropy in 

permeability or coefficient of consolidation is not noticed from Fig. 4.13 and Fig. 4.14. The 

degree of anisotropy mostly reduces or remains constant.  

 

Fig. 4.15 Variation of k v and kh with σ ´
v for saltwater and freshwater specimens 

From Fig. 4.9 it is obvious that the ch values of saltwater specimens are higher than that of 

the freshwater specimens. From Fig. 4.13 it was found that the degree of anisotropy (ch/cv) is 

generally larger for saltwater specimens than the freshwater specimens. This observation 

cannot be explained in terms of the fabric arrangement alone, since the freshwater sediment 

has varying particle size distribution along its depth, whereas the particle size distribution in 

the saltwater sediment is uniform. This needs further investigation.  

With the increase in the vertical load, the void ratio of the specimen decreases, thus it is 

intuitively expected that the permeability kv and kh will constantly decrease. However, the 
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absolute values of permeability are largely controlled not only by the void ratios, but also by 

the pore-throat sizes and connectivity between the voids (Clennel et al. 1999).  It was 

observed from Fig. 4.8 and Fig. 4.10 that the permeability kv and kh overall reduces with 

increasing vertical stress. Although there is a slight increase in the kv and kh specimens 

observed before they start reducing (for example, specimen FV1 and FV3 in Fig. 4.8). This 

can be attributed to the alteration of flow path during the re-orientation of particles with 

increasing vertical stress, although the void ratio decreases.  

4.6. Tests on TSV dredged mud 

From the experimental studies on PoB dredged mud sediment, number of important 

conclusions was arrived at. The particles size distribution throughout sediment has 

significant effect on the homogeneity in the consolidation and compressibility properties of 

the sediment. Another important observation was that substantial degree of anisotropy can 

exist between the horizontal and vertical permeability and coefficient of consolidation for 

young clay sediment, even under large vertical stress. In order to validate the above 

observations, similar sedimentation and consolidation tests were conducted on another 

Queensland dredged mud, which was obtained from the Port of Townsville. The application 

of the sedimentation and consolidation is presently becoming important in the land 

reclamation works with dredged clays, where the mud is mixed with sea water and pumped 

into the reclamation area. Thus the tests on the Townsville dredged mud was restricted to 

assess the properties of flocculated sediment which was prepared simulating the field 

conditions at the land reclamation site. The sedimentation and consolidation procedure is 

similar as in section 4.2.2. The mud was mixed with natural sea water from Townsville (salt 

concentration 383 N/m3) at a water content of 300 % and allowed to undergo sedimentation. 

The sediment was consolidated under a maximum surcharge loading of 15 kPa. Oedometer 

specimens were extruded at two different depth levels for both the vertical consolidation 

(V1, V2) and radial consolidation (R1, R2) as illustrated in Fig. 4.16. The specimens were 

loaded from 2 kPa to 880 kPa with load increment ratio of 1.0.  



97 

 

 

Fig. 4.16 Specimen locations for oedometer tests 

4.6.2. Verification of results  

4.6.2.1 Particle size distribution in the sediment  

 

Fig. 4.17 Particle size distribution along the depth of TSV sediment 

The particle size distribution throughout the sediment was assessed for samples collected at 

equal intervals along the depth of the sediment. The results are illustrated in Fig. 4.17, which 

indicates the uniform distribution of particles in the sediment.  
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‘V’- Vertical consolidation 
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4.6.2.2 Consolidation and compressibility properties of TSV specimens 

The coefficient of consolidation cv, ch permeability kv, kh volume compressibility mv and 

compression and recompression indexes Cc and Cr of the specimens were calculated for the 

specimens tested for vertical and radial consolidation.  

The variation of cv and ch of the specimens with effective vertical stress σ
’
v is illustrated in 

Fig. 4.18(a) and Fig. 4.18(b) respectively. The difference between the cv of specimen V1 and 

V2 is large in the recompression range (σ
’
v < 20 kPa). In the normally consolidated region, 

the cv of a specimen V1 varies between 0.3 and 4 times of the V2. The ch values of 

specimens R1 and R2 shown in Fig. 4.18(b) are mostly equal at any σ
’
v. The values slightly 

increase in the normally consolidated region. Similar trend can be observed in the kv and kh 

variation with σ’
v in Fig. 4.19(a) and Fig. 4.19(b). Both kv and kh values overall decrease with 

increasing σ’
v.  

 

Fig. 4.18 Depth variation of coefficient of consolidation (a) cv and (b) ch  

The volume compressibility mv of all four specimens are plotted in Fig. 4.20 against σ
’
v. 

Except the significant deviations in the recompression range (σ
’
v < 20 kPa), the mv values lie 

in a narrow range in the normally consolidated region for all four specimens. The ep – log σ’
v 

plots are given in Fig. 4.21 and the relevant Cc are Cr listed in Table 4.6 together with initial 

void ratio e0. The e0 values are uniform with depth varying between 2.28 and 2.34. Cc and Cr 

fall in narrow range of 0.60 - 0.65 and 0.084 - 0.136 respectively. The above results show 
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the homogeneity of TSV sediment, obtained from flocculated slurry, in terms of the particle 

size distribution and properties. Similar results were observed for the PoB sediment formed 

from the flocculated slurry (i.e saltwater sediment).  

 

 

Fig. 4.19 Depth variation of permeability (a) kv (b) kh 

 

Fig. 4.20 Comparison of mv for all the specimens 
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Fig. 4.21 ep – log σ’
v plots of TSV specimens 

Table 4.6 Compression and recompression index (Cc  and Cr) 

Specimen e0 Cc Cr 

V1 2.28 0.654 0.100 

V2 2.26 0.643 0.091 

R1 2.30 0.6002 0.084 

R2 2.34 0.6201 0.136 

4.6.2.3 Anisotropy in coefficient of consolidation and permeability of TSV specimens 

The anisotropy in the coefficient of consolidation and permeability are assessed by 

comparing the cv, ch and kv, kh of each pair of specimen in Fig. 4.22. The comparison of cv 

and ch values of pairs V1, R1 and V2, R2 are shown in Fig. 4.22(a) and Fig. 4.22(c) 

respectively. In the normally consolidated region (σ
’
v > 20 kPa), the coefficient of 

consolidation in the horizontal direction is always higher than that in the vertical direction as 

observed in Fig. 4.22(a) and Fig. 4.22(c). The variation of degree of anisotropy (ch/cv) with 

σ
’
v is plotted in Fig. 4.22(e). The degree of anisotropy for pair V1 and R1 varies in the range 

of 1.5 - 5. For pair V2 and R2 the degree of anisotropy lies between 2 and 5. For σ
’
v range of 

100 – 200 kPa, the ch and cv values are equal for pair V2 and R2.  
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The ch/cv ratio gradually decreases for pair V1 and R1 for σ
’
v > 100 kPa.  For pair V2 and 

R2, ch/cv decreases for σ’
v = 30 – 200 kPa, beyond that it starts increasing again. Similar 

results can be observed for the anisotropy in permeability in Fig. 4.22(b), (d) and (f). The 

variation of the degree of anisotropy in permeability (kh/kv) with σ’
v  in  Fig. 4.22(f) is similar 

to the trend exhibited by the ratio (ch/cv) in Fig. 4.22(e).  

4.6.3. Falling head permeability tests  

The permeability values in the vertical direction kv are generally measured from simple 

falling head permeability tests. For estimating kh, there are different types of equipment and 

theoretical solutions. Head (1986) proposed an equation for estimating the horizontal 

permeability from falling head consolidation tests with a central drain, which needs a known 

flow rate of water from the specimen. Leroueil et al. (1990) used a radial flow permeameter 

together with the constant rate of strain (CRS) consolidation tests to calculate kh, where the 

volume of water flowing out of specimen was measured by the change in the water – 

kerosene interface in a burette connected to the outlet of the permeameter. Clennel et al. 

(1999) performed constant rate of flow permeability tests to measure kh, together with CRS 

consolidation tests. Seah and Juirnarongrit (2003) performed radial consolidation tests with 

central drain in CRS consolidometer; kh was calculated based on the excess pore water 

pressure measured at the outer boundary of the specimen. Bo et al. (1999) measured the 

variation kh of during the consolidation of slurry like soils, where the water was allowed to 

drain out through a central drain and the flow rate was measured manually using a 

measuring cylinder.  

Conventional oedometer tests with vertical drainage for specimens trimmed vertically is 

considered as an option to measure kh, which does not need any sophisticated experimental 

set ups as explained above (Indraratna and Redana, 1998; Leroueil et al. 1990; Little et al. 

1992; Sharma and Xiao, 2000). However this does not represent the actual field conditions. 

For example, in the ground improvement with PVD drains the soil is compressed vertically 

and the drainage is allowed horizontally. When testing the vertically trimmed specimen, the 

specimen is loaded in a direction perpendicular to the actual loading condition.  In such 

situations, the particle reorientation happening in the specimen will be entirely different 

from the true situation, and results obtained for the variation of kh with the vertical stress 
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will be misleading. In the present study, the horizontal and vertical permeability values kh 

and kv were calculated from the equations kh = γw mv ch and kv = γw mv cv, which is a 

commonly accepted method. In order to verify the accuracy of this method, falling head 

permeability tests were conducted for specimens V1 and V2 to measure the vertical 

permeability kv. The measured and calculated kv values were compared.  

 

Fig. 4.22 Degree of anisotropy in cv, ch and kv, kh 
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4.6.3.2 Test Procedure  

The experimental setup for the falling head permeability tests is shown in Fig. 4.23. The 

outlet of the standpipe is connected to the inlet of the consolidation cell. The specimen in the 

consolidation cell was initially allowed to undergo consolidation under a particular vertical 

stress. During the consolidation tests the valve A , B and C were kept closed. At the end of 

24 hours of consolidation, the outlet valve C in the consolidation cell was opened to drain all 

the water out from the cell. The time and the initial water level in the stand pipe were 

recorded and valve A and B were opened to allow the water to flow through the specimen.  

   

Fig. 4.23 Falling head permeability tests  

The falling head permeability test was conducted for a total duration of about 12 hours 

before the next increment of load was applied to the specimen. At the end of the 

permeability tests, the final water level in the standpipe and the duration of the test was 

recorded. The tests was repeated at the end of the consolidation under each vertical stress. 

Vertical permeability kv was calculated from Eq. 4.7.  
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where a and A are the cross sectional area of standpipe and specimen respectively. L is the 

thickness of the sample and h1 and h2 are the initial and final head differences across the 

specimen. 

4.6.3.3 Comparison of measured and calculated vertical permeability kv 

The comparison of measured and calculated permeability for specimens V1 and V2 are 

shown in Fig. 4.24(a) and Fig. 4.24(b) respectively. The calculated permeability values are 

about 1 to 3 times higher than the measured values in Fig. 4.24(a) except at σ
’
v = 100 - 200 

kPa, where the values are almost equal. In Fig. 4.24(b), excellent agreement between the 

calculated and measured values can be observed except at σ
’
v = 800 kPa, indicating the 

absolute permeability values calculated from the equation are closer to the measured ones.  

4.7. Comparison of  laboratory results of PoB mud with the design values adopted at 
PoB reclamation site 

In the present study saltwater sediment of PoB dredged mud was prepared simulating the in 

situ conditions at Port of Brisbane. The comparison of some properties of PoB mud obtained 

from laboratory tests and the design values adopted at the PoB reclamation site is given in 

Table 4.7. Laboratory results of another Queensland dredged mud (TSV) have also been 

included. The design parameters of PoB dredged mud fill were earlier discussed in detail in 

section 2.3.5. From Table 4.7, the design cv and ch values obtained from in situ tests are 

higher than the laboratory tests results. However it has been previously reported that the 

laboratory tests generally results lower cv and ch values when compared to the in situ tests 

for the South East Queensland clays (Ameratunga et al. 2010a). Both the design and 

laboratory compression and recompression ratio CR and RR are in a good agreement. In 

addition, it can be found that the properties of the two Queensland dredged clays (PoB and 

TSV) show similar values.  
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Table 4.7 Comparison of laboratory results with design parameters 

Parameters Lab tests Design values 

 PoB TSV  

cv (m
2/year) 0.1 – 0.2 0.08 – 0.4 1.0 

ch (m
2/year) 0.3 – 0.6 0.3 – 0.5 1.0 

CR (Cc/1+e0) 0.15 – 0.21 0.18 – 0.2 0.2 – 0.3 

RR (Cr/1+e0) 0.019 – 0.031 0.025 – 0.04 0.02 – 0.03 

 

 

Fig. 4.24 Comparison of measured and calculated kv values for specimen (a) V1 and (b) V2 
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4.8. Summary and conclusions 

In the present study, the influence of the settling pattern of particles during the 

sedimentation of dredged mud slurry, on the final properties of the sediment was evaluated. 

Dredged mud obtained from the Port of Brisbane reclamation site was remoulded using 

saltwater and freshwater to prepare dredged mud slurry with flocculated and dispersed 

particles. Flocculated slurry was prepared using the sea water simulating the conditions at 

the reclamation site. The slurry was allowed to undergo sedimentation and consolidation. 

Number of radial and vertical odometer tests was performed on specimens extruded at 

different depth levels of the final sediment.  Particle size distribution was evaluated for 

samples collected throughout the depth of each sedimentation column. The information from 

the above tests was used to assess the homogeneity of the final sediment in terms of particles 

size distribution and properties. In addition, the anisotropy that exists between horizontal 

and vertical coefficient of consolidation and permeability was assessed.  

It was observed that the particle size distribution along the sediment has significant 

influence on the degree of homogeneity of the properties in the sediment. Dispersed slurry 

forms highly segregated sediment, where the consolidation and compressibility properties 

vary significantly along the depth. Flocculated slurry, on the other hand, forms relatively 

homogenous sediment. Particle size distribution and the properties were fairly uniform 

throughout the flocculated sediment.  

The results of vertical and radial consolidation tests indicated that the coefficient of 

consolidation and permeability in the horizontal direction were higher than that in the 

vertical direction. Considerable degree of anisotropy exists in the properties even under very 

high vertical stress. This was more prevalent in the flocculated sediment than in the 

dispersed sediment. Earlier studies indicate that the young sediments are expected to exhibit 

isotropic properties when compared to the intact soils, and the degree of anisotropy in 

permeability increases with the increment in the vertical stress. However the results obtained 

from the present study does not support this statement.  

The conclusions presented above have some important applications in the land reclamation 

works, in the marine or freshwater environment, where the dredged mud is pumped into the 

reclamation site and allowed sedimentation and consolidation.  
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At the Port of Brisbane reclamation site, the coefficient of consolidation cv and ch are 

assumed to be equal. The maximum vertical stress induced under the construction loads 

varies in the range of 50 - 60 kPa at the PoB reclamation site. At such a moderate vertical 

stress level, it was observed from the present study, that the coefficient of consolidation in 

the horizontal direction can be as much as 4 times of the value in the vertical direction.  

The main conclusions arrived from the experimental studies on PoB dredged mud were 

verified from similar tests on the flocculated sediment of Townsville dredged mud. Both the 

Queensland dredged mud obtained from Port of Brisbane and Port of Townsville show 

similar physical properties and other consolidation and compressibility parameters. The 

laboratory tests give lower cv and ch than the in situ tests. 

From the extensive review of the past studies performed on the nature of fabric or clay 

particle orientation in the flocculated and dispersed sediments, it was found that the 

flocculated and dispersed sediments form entirely different fabric. Edge to face association 

between the particles is dominant in the flocculated sediment, referred as the ‘card house’ 

structure, which shows large void ratio, permeability and highly compressibility under the 

application of a vertical load. Dispersed sediment, in contrast, shows face to face association 

between the clay particles (book house structure), which is lesser in void ratio, permeability 

and compressibility when compared to the flocculated sediment. These different 

characteristics found in the fabric of sediments induced under different settling patterns of 

particles will have influence on the coefficient of secondary compression of the sediment, 

which will be worthy to examine. The dredged mud used in the present study is low in 

permeable. Extending the research to investigate the secondary compression properties 

needed long term testing, thus the tests were limited up to the primary consolidation. 

Together it will be useful to compare the absolute values of consolidation and 

compressibility properties of dredged mud sediments which show different fabric, but 

similar particle size distribution.  
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 Inflection point method to estimate ch from radial consolidation Chapter 5.
tests with peripheral drain 

5.1. General 

Several graphical and non-graphical methods are available to determine ch from radial 

consolidation tests with a central drain (Robinson and Allam, 1998; Robinson, 2009; 

Sridharan et al. 1996; Sridharan and Prakash 1997; Vinod et al. 2010). A graphical method 

includes a curve fitting procedure. Only two curve fitting methods have been proposed in the 

past studies for estimating ch from the radial consolidation tests with peripheral drain. 

McKinlay (1961) suggested a curve fitting procedure for free strain loading conditions, and 

Head (1986) proposed a similar method for equal strain loading conditions.  

In the ‘equal strain’ loading, the applied load is transferred to the specimen through a rigid 

loading plate, which maintains the strain at any point on a horizontal plane of the specimen 

uniform. In the ‘free strain’ loading, the rigid loading plate is replaced by a disc of flexible 

plastic material, which transfers the loading pressure uniformly to the top of the sample, 

while the strains will be non-uniform. Both ‘equal strain’ and ‘free strain’ loadings are more 

applicable in the Rowe Cell tests than in the standard oedometer tests. In oedometer tests it 

is always a case of ‘equal strain’ loading since the load is applied on a rigid top cap. 

The curve fitting procedure for equal strain loading suggested by Head (1986) was explained 

in section 4.4.2. The method of McKinlay (1961) is very similar to the above method. The 

settlement vs. time0.465 plot is drawn. The straight line portion in the plot is identified, and a 

line with an absicca of 1.22 is developed to find the point for 90 % consolidation (T90 = 

0.335). Further application of this solution including smear and varying permeability can be 

found in Berry and Wilkinson (1969).  

Previous studies indicated that the radial consolidation tests with central drain  under both 

‘free strain’ and ‘equal strain’ conditions resulted similar ch values (Head 1986). In this 

dissertation, number of radial consolidation tests using peripheral drain was conducted on 

Port of Brisbane (PoB) and Townsville Port (TSV) dredged mud specimens, which were 

discussed in Chapter 4. The tests were conducted under the ‘equal strain’ loading condition. 

However, both curve fitting procedures suggested for ‘free strain’ and ‘equal strain’ 

conditions were applied to estimate ch values and the results are compared in Fig. 5.1. The 
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results confirm that the ch values obtained from both methods give similar results for radial 

consolidation tests with the peripheral drain.  

The current graphical procedure of McKinlay (1961) and Head (1986) are satisfactory for 

determining ch from an oedometer test with peripheral drains. However, use of these 

methods can be time consuming when dealing with abundant data. The objective of the 

present study is to propose a simpler method that does not require any curve fitting 

procedure to estimate ch. A non-graphical inflection point method is proposed for 

determining ch which is explained in the following section. This is developed based on the 

characteristic feature observed when the gradient of the theoretical Uavg – log Tr  relationship 

was plotted against Tr, where Uavg  and Tr are the average degree of consolidation and Time 

factor for radial consolidation respectively.  

Inflection point method was proposed by Cour (1971) to find the vertical coefficient of 

consolidation cv and later it was extended to estimate the horizontal coefficient of 

consolidation ch from the settlement – time data of radial consolidation with a central drain 

(Robinson 1997). The procedure described herein is an extension of these two methods. The 

proposed method is validated through the series of consolidation tests conducted on PoB 

TSV dredged mud specimens, from Chapter 4. 

 

Fig. 5.1 Comparison of ch from free strain and equal strain curve fitting method 
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5.2. Inflection point method  

The general mathematical solution for the radial consolidation with a peripheral drain is 

given in Silveira (1953), Ganesalingam et al. (2012) and McKinaly (1961). The Uavg – Tr 

relationship is expressed by Eq. (5.1). Tr is given by cht/R
2, where R is the radius of the soil 

layer.  

2
2

1

1
( ) 1 4 exp( )

n

avg n r
n n

U t B T
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=

= − −∑       (5.1) 

where, Bn is the nth root of Bessels equation of zero order. Theoretical Uavg – log Tr plot for 

the radial consolidation with peripheral drain is shown in Fig. 5.2(a), which was developed 

from the analytical studies in Chapter 3. In Fig. 5.2(b), the slope of Uavg – log Tr plot, given 

by Gr = d(Uavg)/d(log10 Tr), is plotted against Tr. The slope increases with Tr and reaches the 

maximum value of 0.596 at Tr =0.1605, and then reduces. The average degree of 

consolidation Uavg at this inflection point (i.e. Tr = 0.1605) is 72.54%.  

This characteristic feature is observed in the theoretical Uavg – log T plot for both the vertical 

consolidation and radial consolidation with central drain. Mesri and Funk (2012) showed 

that regardless of the nature of initial excess pore water pressure distribution, the inflection 

point occurs at a fixed time factor T = 0.405 for vertical consolidation. However the 

corresponding Uavg at the inflection point was not the same for the different cases of initial 

excess pore water pressure distribution. For the case of radial consolidation with central 

drain, the Uavg – Tr relationship is given by Eq.(5.2) for equal strain loading conditions 

(Barron 1948), where n is the drain size spacing ratio defined by the ratio between the 

diameter of influence and the diameter of drain. In the consolidation tests with a central 

drain, the diameter of influence refers the specimen diameter. The Uavg – T plot for radial 

consolidation with central drain therefore varies with different ‘n’ value.  
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Robinson (1997) observed that the inflection point occurred at Ur = 63.21 % for radial 

consolidation with a central drain under ‘equal vertical strain’ loading, regardless of the 

drain spacing ratio ‘n’. The corresponding time factor Tr at the inflection point increased 

with ‘n’.  

A comparison of the Uavg – log Tr relationship for radial consolidation with peripheral drain 

and for the cases with the central drain with different drain spacing ratio ‘n’ is illustrated in 

Fig. 5.3. The consolidation process becomes slower in the case of central drains with n > 6, 

compared to the tests with peripheral drains. In the laboratory radial consolidation tests with 

central drain, n value between 4 and 5 is generally adopted (Robinson 1997, 2009; Sridharan 

et al. 1996). In order to estimate ch for a particular soil specimen, radial consolidation tests 

with peripheral drain can have certain advantages over the central drain. 

 

Fig. 5.2 Defining the inflection point: (a) Theoretical Uavg – Tr plot for radial consolidation with 

peripheral drain (b) Gr = d(Uavg)/d(log10 Tr) Vs Tr plot 
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To use the inflection point method, for the drain spacing ratio n > 4, the duration taken to 

run the radial consolidation tests with central drain is comparable to the peripheral drain case 

(Fig. 5.3), given that the discharge capacity of the central drain and peripheral drain are 

equivalent. Installing the peripheral drain is easier compared to the central drain. Any 

shortcomings due to the eccentricity of the central drain or any changes that occur in the 

diameter of the central drain during the compression of specimen can be avoided in the 

peripheral drain case.  

 

Fig. 5.3 Theoretical Uavg – Tr plot for radial consolidation with central drain and peripheral 

drain 

The inflection point observed in Fig. 5.2 for the theoretical Uavg – Tr relationship of the 

peripheral drain case, can be noticed in the experimental settlement-time data plot as well, 

an example of which is shown in Fig. 5.4. The settlement (s) – time (t) data in Fig. 5.4(a), 

were obtained from a radial consolidation test with a peripheral drain conducted on a Port of 

Brisbane (PoB) dredged mud specimen under a vertical stress σv of 230 kPa. The slope of 

the plot Gr = d(s)/d(log10 t), is plotted against t, in Fig. 5.4(b). It can be seen that the 
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inflection point occurs at time = 8100s, which corresponds to the 72.54 % consolidation at 

the time factor T=0.1605.  

Substituting the time value at the inflection point, ch can be calculated from the following 

equations. 

ch = TR2/t;          (5.4) 

ch (mm2/s) = 0.1605 * R2/8100;            (5.5)   

where R is the radius of specimen in mm 

 

Fig. 5.4 (a) settlement - time plot for PoB specimen under vertical stress of 230 kPa (b) Gr = 

d(s)/d(log10 t) vs t plot 
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5.3. Validating the accuracy of inflection point method 

The experimental settlement – time data for the specimens of two different dredged mud 

(PoB and TSV) were obtained at different stress levels, which were tested in the oedometer 

for radial consolidation with peripheral drain. ch values were estimated using the proposed 

inflection point method for both the specimens at various levels. The applicability of 

inflection point method was validated by generating the settlement – time plot from the 

theoretical Uavg –Tr values, using the ch estimated from the proposed inflection point method. 

The plots thus generated were compared with the experimental settlement – time curves.  

Predicted settlement (s) vs time (t) plot was constructed using Eqs. 5.6, 5.7 and 5.8.  

s(t) = Ur* s100         (5.6) 

t =Tr*R
2/ch         (5.7) 

s100 is the total primary consolidation settlement, calculated as: 

s100 = sinflection * 100/72.54       (5.8) 

where, sinflection is the settlement at the time corresponding to the inflection point (i.e at Ur = 

72.54 % and Tr= 0.1605). The effect of immediate settlement was neglected in the above 

approach. The predicted s – t plots were compared with the experimental ones, under 

vertical stresses 60 kPa, 120 kPa, 235 kPa and 470 kPa in Fig. 5.5. Excellent agreement can 

be observed between the predicted and experimental plots.  

The procedure to estimate ch and s100 from the inflection point method is summarized below: 

• From the experimental settlement - time data, a figure similar to Fig. 5.4 is 

constructed using MATLAB or MS Excel and the corresponding time at the 

inflection point is eye estimated. Alternatively, the time at the inflection point can be 

identified by smoothing the plot. Substituting this time value in Eq. 5.4, ch can be 

calculated.   

• The settlement at the time corresponding to the inflection point (sinflection) is found 

from Fig. 5.4 and from there the total primary settlement s100 can be evaluated from 

Eq. 5.8.  



115 

 

The above procedure neglects the effect of immediate settlement, but this can have little 

importance on the accuracy of results as verified from Fig. 5.5.   

 

Fig. 5.5 Comparison of predicted and experimental s – t plots under (a) σv = 60 kPa (b) σv = 120 

kPa (c) σv = 235 kPa(d) σv = 470 kPa 

The ch values calculated from the proposed inflection point method and McKinlay’s method 

are compared in Fig. 5.6. The results were obtained from eight oedometer tests conducted on 

both PoB and TSV dredged mud specimens between a vertical stress range of 10 kPa to 880 

kPa. Except for few outliers, the differences between the ch values calculated from both 

methods are small. It can be noticed that the ch values estimated from the proposed inflection 
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point method are slightly higher than the values derived from McKinlay’s curve fitting 

method. In average, the ch value of inflection point method was about 16 % higher than 

McKinlay’s method. Previous studies have indicated that the influence of secondary 

compression reduces the ch values calculated (Sridharan et al. 1996). In the inflection point 

method, the time value at about Uavg = 73 % is used, which is less influenced by the 

secondary compression effects when compared to the time at 90 % consolidation used in 

McKinlay’s method. This justifies the lesser ch resulted from McKinaly’s method than the 

inflection point method.  

 

Fig. 5.6 Comparison of ch from McKinlay’s method and Inflection point method 

5.4. Conclusion 

The Uavg -Tr relationship for radial consolidation with peripheral drain is quite different to 

the ones with central drains. The relationship for central drain varies significantly depending 

on the drain spacing ratio n, whereas the one for peripheral drain is unique. From the 

theoretical Uavg – Tr relationship for radial consolidation with peripheral drain, the slope of 

Uavg – log10 Tr plot, given by Gr = d(Uavg)/d(log10 Tr), was plotted against Tr. It was observed 

that the value of the slope Gr increases up to the inflection point where Tr = 0.1605 and Ur = 

72.54 % and then reduces. This characteristic feature is identified from the experimental 
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settlement – time data as well, by plotting the slope of the settlement-log time plot against 

logarithm of time. The aid of a simple MATLAB program is required to construct the above 

plot. From this, the radial coefficient of consolidation ch can be computed straightaway. 

Number of radial consolidation tests with peripheral drain was conducted on two types of 

reconstituted dredged mud specimens. The predicted settlement – time behavior was found 

to be in excellent agreement with the experimental data. Comparing ch values estimated 

from the proposed inflection point method and McKinlay’s (1961) method, it was observed 

that the ch from McKinaly’s method is slightly less than that from the inflection point 

method, due to the secondary compression effects.  

For estimating the horizontal coefficient of consolidation ch in the laboratory, radial 

consolidation tests with central drain are widely used and the tests with peripheral drain are 

not that common. This can be due to the limited references available for the experimental 

modelling and the very few curve fitting methods to estimate ch. In the laboratory tests 

conducted by McKinlay (1961), a porous odometer ring was used to allow peripheral 

drainage.  A simpler alternative test procedure has been proposed in Chapter 4 for the radial 

consolidation tests with peripheral drainage. The certain advantages of radial consolidation 

tests with the peripheral drain related to the installation and running the tests has been 

discussed in the present chapter. With these advantages towards the use of peripheral drains 

in oedometer, the proposed method for deriving ch will be a valuable tool in the 

interpretation of the radial consolidation test data. 
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 One dimensional consolidation of double layers  Chapter 6.

6.1. General 

The extensive mathematical studies carried out and solutions presented for the consolidation 

analysis of multi-layer system were discussed in section 2.5.3. The applicability of these 

mathematical solutions was found to be inconvenient since they are presented in a 

generalized series solution form and the graphical solutions are available only for very 

particular cases. The empirical relationships and approximations suggested for the 

consolidation analysis of the multi-layer system are discussed in section 2.5.4. US 

department of Navy (1982) presented an approximation which recommends converting the 

multi layered system into an equivalent single layer. Regardless of its simplicity, the 

approximation was not developed on any mathematical basis. One of the objectives of the 

present study is investigating the limitation of US Navy approximation through an error 

analysis.  

The present study focuses on the consolidation behaviour of double layer system. One 

dimensional consolidation of double layer system consisting of two unlike soil layers was 

experimentally modelled in a tall oedometer. The system was allowed to consolidate under 

the application of incremental loading as in the standard oedometer tests. The experiments 

were simulated in PLAXIS using the advanced soft soil creep (SSC) model to justify its 

applicability in the consolidation analysis of soft soils. An expression was proposed for the 

equivalent compression and recompression parameters of the composite double layer 

system. This was validated with the back-calculated parameters obtained from experimental 

and PLAXIS results.  

In order to investigate the limitations of US Navy approximation in the consolidation 

analysis of double layer, the consolidation of double layer system was modelled in PLAXIS 

incorporating SSC model, considering various properties and thicknesses of soil layers and 

drainage conditions. Comparing the actual Uavg with the Uavg obtained from US Navy 

approximation, an error analysis of the approximation is presented for the different cases 

considered. Further these results were used to study the overall consolidation behaviour of 

the double layer when subjected to various conditions.   
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6.2. Experiments 

Standard oedometer test setup was modified into a ‘tall oeodmeter’ with a total height of 80 

mm, to accommodate two different 40 mm thick soil specimens. Two one dimensional 

double layer consolidation tests were modelled. The specimen arrangements are shown in 

Fig. 6.1. In the first setup, two unlike specimens of similar properties (cv, k and mv) were 

selected, where the ratio between the properties varies between 2 and 3. In the second setup, 

the soil specimens were selected such that, the ratios between the properties are even higher 

than in the setup 1, lying in the range of 5 – 10.  

 

Fig. 6.1 Schematic diagram of the double layer arrangement  

The specimens used in the tests were prepared in the laboratory by artificial sedimentation 

and consolidation of different soil slurry using both commercial (Kaolinite) and natural 

clayey soil (TSV dredged mud). The above soil types are available in the laboratory in large 

quantities, thus facilitating reproduction of the specimens. The specimen preparation by 

sedimentation and consolidation of different soil slurry needs at least 8 weeks. However, this 

method is considered appropriate to prepare homogeneous sediment, which is a key 

requirement for these experiments. Homogeneity of in situ specimens is not assured, because 

of possible stratification and impurities present such as stones and tree roots.  In addition, 

obtaining undisturbed in situ specimens requires expertise and equipment for extrusion and 

transportation. Artificial sedimentation and consolidation also enables preparing specimens 

with known stress-strain history.  

Altogether four sedimentation columns were prepared to extrude each specimen used in 

setups 1 and 2. For the setup 1, the specimens were produced using commercial Kaolinite, 

where K100 consists of 100 % Kaolinite and K70 contains 70 % Kaolinite and 30 % fine 

K100 

K70 

K100 

TSV 

Setup-1 Setup-2 

80 mm 

40 mm 
Notations 

K100 – 100 % Kaolinite 

K70 – 70 % Kaolinite 30 % fine sand  

TSV – Townsville port dredged mud  
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sand by weight. In the setup 2, the double layer system includes a K100 specimen, and a 

TSV specimen prepared from the dredged mud obtained from Townsville (TSV) port.  

Other than the specimens obtained for the double layer consolidation tests, two individual 

specimens were extruded from each sediment for the standard oedometer tests. These tests 

were carried out to gather information on the consolidation properties (coefficient of 

consolidation cv and vertical permeability kv), compressibility properties (compression index 

Cc, recompression index Cr and volume compressibility mv), coefficient of secondary 

compression Cαe and pre-consolidation stress of the specimens used in the double layer 

consolidation tests. Thus, ensuring the homogeneity of the sediments was essential.     

6.2.2. Specimen preparation by artificial sedimentation 

The water content at which each soil was mixed to prepare the slurry is given in Table 6.1. 

The commercial Kaolinite powder was mixed at water contents of 230 % and 200 % to 

prepare the K100 slurry for setup 1 and 2. The K70 slurry was prepared combining 70 % 

Kaolinite and 30 % fine sand by weight. These soils were mixed at a lower water content of 

125 % to avoid segregation of sand particles during the sedimentation. Townsville dredged 

mud was remoulded at a water content of 300 % using the natural sea water obtained from 

Townsville (salt concentration 383 N/m3) to make a flocculated slurry. The physical 

properties of the three soil types used are summarized in Table 6.2 and Fig. 6.3. The 

properties of TSV dredged mud was discussed in detail in section 4.2.1.  

Table 6.1 Initial water content of different soil slurry 

Setup Mix Water content 

1 K100(1) 230 % 

K70 125 % 

2 K100(2) 200 % 

TSV mud 300 % 
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Table 6.2 Physical properties of different soil types  

Properties K100 K70 TSV  

SG   2.48 2.43 2.65 

LL (%) 75–77  52-54  73-78 

PL (%) 37- 40 25-27  30-35 

PI (%) 38 – 39  26-28  44-46 

LS (%) 7 -8 6-7 16-17 

 

Based on Casagrande’s PI-LL chart (Fig. 6.2), K70 exhibits the lowest plasticity 

characteristics because of the substantial amount of fine sand present (30 %). TSV dredged 

mud shows the highest plasticity characteristics. The particle size distribution of Kaolinite, 

fine sand and TSV mud are shown in Fig. 6.3.  

 

Fig. 6.2 Plasticity of K100, K70 and TSV soils 

TSV 

K70 

K100 
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Fig. 6.3 Particle size distribution of various soils used 

The sedimentation of slurry and the subsequent consolidation is similar to the procedure 

described in section 4.2.2 which is briefed here. Each thoroughly mixed soil slurry was 

poured into four separate cylindrical tubes. After most of the self-weight settlement of 

particles is completed the soil sediments were consolidated under added weights. Each 

sediment was allowed to consolidate under two way drainage through the bottom and top 

porous caps. The sedimentation columns K100(1), K70, K100(2) and TSV were loaded up 

to a maximum effective vertical stress of 50 kPa, 20 kPa, 18 kPa and 15 kPa respectively 

over the duration of about 10 weeks. At the end of consolidation, the loads were taken out, 

porous bottom cap was removed, and the soil column was pushed out gently to extrude the 

specimens for the oedometer tests. From each soil column, one specimen of 40 mm 

thickness and 76 mm diameter was extruded for the double layer consolidation tests. A 

special cutting ring was used for this. In addition, two separate specimens of 20 mm 

thickness and 76 mm diameter were obtained for the standard one dimensional consolidation 

tests.  

6.2.3. Double layer consolidation tests 

The components used for the double layer consolidation tests are shown in Fig. 6.3. The tall 

oedometer ring made out of stainless steel, is 76 mm in diameter and 80 mm in height. The 
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inner periphery of the tall ring is made smooth, to minimize the effects of skin friction. The 

ring with the specimens in it is placed in the Perspex cylindrical body, and kept firm in place 

by the three metal rods attached to the bottom of the Perspex cylinder. The cell arrangement 

includes two porous stones at the bottom and top of the composite double layer system to 

facilitate drainage through the bottom and top.  

Each specimen was extruded from the sediment using a cutting ring of 76 mm diameter and 

40 mm thickness. The cutting ring had a groove and a flange to facilitate interlocking the tall 

oedometer ring while transferring the specimen (Fig. 6.5). Utmost care was taken when 

transferring the specimen without causing any disturbance. The tall oedometer ring was 

placed on a glass plate vertically. The cutting ring with the specimen in it was placed on top 

of the oedometer ring, by interlocking the oedometer ring tightly in the grove, so that the 

inner peripheral surface of both the cutting ring and oedometer ring are aligned properly 

(Fig. 6.5). The specimen in the cutting ring was then transferred into the oedometer ring by 

gently pushing it down with a porous top cap. A filter paper was placed between the surface 

of the sample and the top cap in advance.  

After the first specimen was placed in the ring, the filter paper on the surface of the 

specimen was removed, and the second specimen was transferred into the ring using the 

same procedure. The first method shown in Fig. 6.6 is not suitable to place the second 

specimen, since the air that gets trapped between the specimens would make pushing in the 

second specimen difficult. Thus, both the specimens were transferred from one side of the 

ring as in the second method. Filter papers were placed at the bottom and top of the double 

layer and the entire system was arranged in the Perspex cylinder (Fig. 6.7).  

A modified direct shear apparatus was used for the double layer consolidation tests.  The 

setup is shown in Fig. 6.8 and Fig. 6.9. The loading unit is provided with a loading yoke and 

a lever system. The vertical stress is applied by stacking up weights and the lever system 

transfers the load in 1:4 ratio to the specimen. The lever beam is made horizontal by winding 

up the fulcrum wheel before applying each load (Fig. 6.8). The double layer system was 

loaded with vertical stresses of 9 kPa, 19 kPa, 29 kPa, 48 kPa, 87 kPa, 165 kPa, 321 kPa and 

632 kPa with approximate load increment ratio of 1. The settlement – time data was 

continuously logged using the dial gauge connected to the data logging system under each 

increment (Fig. 6.9).  
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Fig. 6.4 Components of the double layer consolidation setup 

 

Fig. 6.5 Transferring the specimen in to the tall oedometer ring  

Perspex cylinder 

Tall oedometer ring 

Metal rods 

Porous stones 

Cutting ring with grove  

Tall oedometer ring 
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Fig. 6.6 Transferring the specimens in to the tall oedometer ring 

 

Fig. 6.7 Final arrangement of the double layer consolidation setup 
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Fig. 6.8 Consolidation of double layer using the modified direct shear apparatus loading frame 

 

 

Fig. 6.9  Compresion dial gauge  
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Weights 
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6.2.4. Standard one dimensional consolidation tests 

Standard one dimensional consolidation tests were performed on two specimens extruded 

from each sedimentation column to assess properties of each specimens used in the double 

layer consolidation tests. The specimens were loaded with vertical stresses of 2 kPa, 6 kPa, 9 

kPa, 17 kPa, 30 kPa, 57 kPa, 113 kPa, 224 kPa, 446 kPa and 890 kPa, unloaded to 57 kPa 

and then reloaded up to 890 kPa. Under each vertical stress the specimens were allowed to 

consolidate beyond the end of primary settlement till they accomplish some degree of 

secondary compression. The information obtained from these tests was used to analyse the 

time dependant consolidation behaviour of the double layer system and in the numerical 

modelling using soft soil creep model in PLAXIS.  

6.3. Results 

6.3.1. Standard one dimensional consolidation tests 

Altogether eight standard oedometer tests were conducted to assess the properties of thick 

specimens used in double layer setup 1 and 2. The initial water content (w0) and void ratio 

(e0) of the specimens are listed in Table 6.3. Initial void ratio e0 was obtained from Eq. 6.1. 

s

Se
w

G
=          (6.1) 

w is the water content of the specimen, S is the degree of saturation which is taken as 1 for 

the fully saturated sample and e is the void ratio. Under each vertical stress, the total primary 

consolidation settlement s100 and immediate settlement s0 were estimated using Casagrande’s 

log time curve fitting method. From the information, the consolidation (cv, kv) and 

compressibility (mv, Cαe, Cc and Cr) properties of the specimens were assessed, which are 

discussed below.  

6.3.1.1 Consolidation and compressibility properties  

Fig. 6.10 and Fig. 6.11 show the ep –log σ’
v plots of specimens for setups 1 and 2 

respectively, where ep is the void ratio at 100 % primary settlement under each vertical 

stress. The relevant compression index Cc and recompression index Cr of the specimens are 
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summarised in Table 6.4. TSV specimens show significant compressibility as observed from 

the Cc values and ep –log σ’
v plots in Fig. 6.11. 

Table 6.3 Water content and initial void ratio of specimens  

Set up Specimen w0 (%) e0 

1 K100(1)- 1 

K100(1)- 2 

80.5 

73.0  

2.005 

1.798 

K70- 1 

K70- 2 

53.6 

45.0 

1.302 

1.093 

2 K100(2)-1 

K100(2)-2 

68.4 

63.8 

1.698 

1.581 

TSV -1 

TSV- 2 

85.9 

86.5 

2.276 

2.263 

 

       

Fig. 6.10    ep – log σ’v of specimens for setup 1 
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Fig. 6.11 ep – log σ’
v of specimens for setup 2 

Table 6.4 Compression and recompression indexes of specimens  

Setup Specimen Cc Cr 

1 K100(1) - 1 

K100(1) - 2 

0.425 

0.477 

0.117 

0.139 

K70-1 

K70-2 

0.401 

0.421 

0.059 

0.076 

2 K100(2) - 1 

K100(2) – 2 

0.419 

0.380 

0.128 

0.123 

TSV-1 

TSV-2 

0.685 

0.620 

0.099 

0.036 

 

The variation of properties cv, kv, mv and cαe with the effective vertical stress σ’
v are 

illustrated in Fig. 6.12 through Fig. 6.15. The vertical permeability kv was calculated from 

the equation kv = cv.mv.γw.  

The variation of cv with σ’
v is shown in Fig. 6.12(a) and Fig. 6.12(b) for setup 1 and 2 

respectively. The ratio between the cv of specimens K100 and K70 varies in the range of 1 – 

3 in setup 1 (Fig. 6.12(a)). For setup 2, the cv of K100 is as high as 10 to 30 times of TSV 

(Fig. 6.12(b)). The variation of kv against σ’
v is plotted in Fig. 6.13. The ratio between the kv 
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of specimen K100 and K70 in setup 1 is similar to the trend shown in Fig. 6.12(a) for cv. The 

kv values of specimens K100 varies between 3 and 10 of TSV specimens for σ
’
v  > 20 kPa.   

Fig. 6.14 illustrates the variation of mv against σ’
v. Specimens K100 and K70 in setup 1 show 

similar mv at any vertical stress σ’
v (Fig. 6.14(a)). As observed in Fig. 6.14(b), the mv values 

of TSV specimens are about 10 times larger than K100 in the normally consolidated region 

(σ’
v  > 20 kPa). However this difference decreases with the increasing σ’ v.  

Fig. 6.15 shows the Cαe variation with σ’
v. The Cαe of specimens K100 and K70 are similar 

in setup 1, which lies in a range of 0.004 – 0.005 in the normally consolidated region (σ
’
v  > 

50 kPa) (Fig. 6.15(a)). For setup 2, the Cαe of TSV specimens is about 0.04 in the normally 

consolidated region (σ’
v  > 20 kPa), whereas the Cαe of specimen K100 is about 0.004. From 

Fig. 6.15(b) it can be clearly observed that in the recompression range the Cαe increases with 

σ
’
v before it reaches a constant value. This is due to the reducing over consolidation ratio 

(OCR) of the specimens with the increase in σ
’
v in the recompression region. The higher 

OCR results lower Cαe of specimens and vice versa.  

From the figures, it was found that the properties of the two different specimens in setup 1 

(K1(100) and K70) are close to each other, while for setup 2, the differences in the 

properties of K100 and TSV are large. The properties of identical specimens are similar (Ex. 

K100(1)-1 and K100(1) -2), which confirms the homogeneity of the sediment from where 

the specimens were extruded.   

 

Fig. 6.12 Comparison of cv for (a) setup 1 and (b) setup 2 
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Fig. 6.13 Comparison of kv for (a) setup 1 and (b) setup 2 

 

 

Fig. 6.14 Comparison of mv for (a) setup 1 and (b) setup 2 
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Fig. 6.15 Comparison of Cαe for (a) setup 1 and (b) setup 2  

Permeability Change Index Ck 

The empirical linear relationship given in Eq. 6.2 was suggested by Taylor (1948) which 

relates the change in void ratio with the change in permeability, where Ck is the permeability 

change index, e0 and k0 are the initial void ratio and permeability respectively and k is the 

permeability at any void ratio e.  

0

0

log
k

e ek

k C

  −= 
 

        (6.2) 

Rewriting Eq. 6.2 as in Eq. 6.3, the slope of the log k Vs e plot can be given by (1/Ck).  

0
0log log

k k

ee
k k

C C

 
= + − 

 
       (6.3) 

The e – log k plots of selected specimens are shown in Fig. 6.16. Relevant Ck values are 

listed in Table 6.5 for all the specimens. For lesser Ck value, the slope (1/Ck) will be steeper, 

which indicates that the change in k with e is significant. From Table 6.5, TSV specimens 

show the least Ck values.   
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Fig. 6.16 e - log k plots of specimens 

Table 6.5 Ck values of specimens  

Setup 1 Ck Setup 2 Ck 

K100(1)-1 
K100(1)-2 

4.440 
3.978 

K100(2)-1 
K100(2)-2 

1.105 
0.818 

K70-1 
K70-2 

3.842 
3.550 

TSV-1 
TSV-1 

0.582 
0.744 

6.3.2. Double layer consolidation tests  

The settlement – time data were obtained for the double layer under each vertical stress. A 

typical settlement – time plot is shown in Fig. 6.17 for the consolidation of double layer in 

setup 1, under the vertical stress of 890 kPa. The plot shows a parabolic curve followed by 

two straight line segments. This characteristic feature was commonly observed in all other 

settlement – time plots and the theoretical Uavg – T plots for the consolidation of double 

layers (Zhu and Yin, 2005).  It was further noticed that the two straight portions in the 

theoretical Uavg – T plots intersects at Uavg = 100%. Therefore the curve fitting method 

similar to Casagrande’s log time method should be applicable to find the settlement (s100) 

and time (t100) at 100 % consolidation of the double layer. The settlement – time plot was 

further corrected for the immediate settlement, following the method proposed by 

Casagrande (1936). Even though this method is applicable to the one dimensional 
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consolidation of a single layer, it should be valid for the double layer system as well, since 

the immediate settlement comes from the elastic deformation of the soil specimens.  

The Uavg – T plots of double layer developed from mathematical studies didn’t include the 

effects of secondary compression. When the double layer system consists of two soils of 

unlike properties, there can be a time lag between the completions of primary consolidation 

of individual soil layers. While the first layer is still undergoing primary consolidation, the 

secondary compression of the second layer might have started already. However, Mesri 

(2003) carried out some consolidations tests on thick soils specimens of a particular soil and 

concluded that the secondary compression does not commence at any point in the specimen 

until the entire soil specimen completes the primary consolidation settlement.  

The double layer system in setup 1 was loaded under vertical stresses varying between 9 and 

632 kPa with load increment ratio of 1.0. In setup 2, the double layer system consists of 40 

mm thick TSV specimen which is very low in permeability. Thus the system had to be 

allowed to consolidate for duration of more than one week under each vertical stress, to let it 

undergo sufficient amount of secondary compression so that the Casagrnade’s curve fitting 

procedure can be used to find the s100. Therefore the double layer system in setup 2 was 

consolidated between a limited vertical stress range of 9 - 48 kPa.  

 

Fig. 6.17 Settlement – time plot of double layer (setup 1) under vertical stress of 890 

kPa 
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6.4. Numerical Modelling  

The features and limitations of the soft soil creep model were discussed in detail in section 

2.5.5. The incremental oedometer tests both in setup 1 and setup 2 were modelled using 

appropriate properties and initial stress state of the specimens based on the information 

obtained from standard one dimensional consolidation tests. 

Default unit system was used for the modelling (length - m, Force - kN, time- day). A two 

dimensional section of the double layer system along the radial line was modelled because 

of axi-symmetry. Thus the two dimensional model was 0.08 m of height and 0.038 m of 

width. Standard displacement fixities were applied to the soil model. Only the horizontal-

displacement was fixed along the vertical sides of the soil model. At the bottom the vertical 

displacement was fixed.  

6.4.1. Model parameters 

The following section briefs the model parameters employed in PLAXIS for the modelling 

using soft soil creep model. The model parameters used for each soil type is summarised in 

Table 6.6 for both setups 1 and 2. 

6.4.1.1 General parameters 

Under the general properties, the wet and dry unit weight (γwet and γdry) of the soil layers and 

initial void ratio (e0) were entered. The wet unit weight was estimated from the weight and 

volume of the oedometer specimen. The total weight of the oedometer ring with the 

specimen in it was already measured prior to the tests. Knowing the volume and weight of 

the oedometer ring, the wet weight of the specimen was calculated. The dry weight γdry of 

the specimen was estimated from Eq. 6.4.  

1
s w

dry

G

e

γγ =
+

         (6.4) 

Gs is the specific gravity given in Table 6.2  
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6.4.1.2 Stiffness parameters  

PLAXIS uses some alternative stiffness parameters such as, modified compression index λ*, 

modified recompression index κ* and modified creep index µ*, which are equivalent to Cc, 

Cr  and Cα respectively. The parameters λ*and κ* are defined by Eq. 6.5 and 6.6, where ∆ε is 

the change in strain for an effective stress increment of ∆σ
’
v. µ* is defined by Eq. 6.7, where 

t denotes the time. 
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        (6.7) 

These parameters are related to the standard compressibility properties obtained from 

oedometer tests by the following relationships.  

*

2.3(1 )
cC

e
λ =

+
        (6.8) 

* 2
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e
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+
        (6.9) 

*

2.3(1 )

C

e
αµ =
+

        (6.10) 

 

The factor 2.3 in the above relationships comes from the ratio between the logarithm of base 

10 and natural logarithm e.   
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6.4.1.3 Shear strength parameters  

The shear strength of soil layer is defined by the drained (effective) cohesion c' and friction 

angle Ø’. Since the specimens used for the double layer tests were in an over consolidated 

stage under the initial vertical stresses in the oedometer, c’ was assumed to be 1 kPa (c’ = 0 

for normally consolidated soils). Ø’ was estimated from correlation in Eq. 6.11, where PI is 

the plasticity index of the soil (Mitchell 2005). 

'sin 0.8 0.094ln( )PIφ = −        (6.11) 

6.4.1.4 Flow parameters  

Under the flow parameters the initial permeability and permeability change index ck of each 

soil layer are given, which were obtained from Fig. 6.13 and Table 6.5.  

6.4.1.5 Initial stress state  

The initial stress state of the soil layers is defined by the pre-overburden pressure (POP) or 

over consolidation ratio (OCR). Pre overburden pressure is defined by Eq. 6.12, where, σp is 

the pre-consolidation stress and σ
’
y is the in-situ effective vertical stress of the soil layer. 

( )'
p yPOP σ σ= −         (6.12) 

The specimens used for the double layer consolidation tests were extruded from the 

sediment, and therefore the in-situ vertical stress on the specimens was zero just before the 

specimens were loaded in the oedometer.  Thus, the POP will be equal to the pre 

consolidation stress. The approximate pre-consolidation stress of the specimens was 

estimated from the ep – log σ’
v plots given in Fig. 6.10 and Fig. 6.11.   

For all other advance model parameters required, the default values suggested by PLAXIS 

were used.  
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6.4.1.6 Advance model parameters  

Poisson’s ratio for unloading – reloading (νur) 

The default value for νur is 0.15. This relatively small value of νur will result in a small 

decrease of lateral stress (∆σxx) compared to the decrease in vertical stress (∆σyy), according 

to Eq. 6.13. As a result, the ratio of the horizontal and vertical stress increases, which is a 

common phenomenon in over-consolidated soils.   

1
ur xx

ur yy

ν σ
ν σ

∆=
− ∆

         (6.13) 

 

Coefficient of lateral pressure at rest for normally consolidated state (K0
nc) 

K0
nc values adopted in the modelling were obtained from the following relationship in Eq. 

6.14 (Jaky 1948).  

K0
nc

 = 1 – sin ø'         (6.14) 

 

Dilatancy angle (Ψ) 

The dilatancy angle Ψ is taken as zero. This is true for clayey soils, which show very low 

amount of dilation.  

 

Skempton coefficient B 

Skempton coefficient B is considered as 0.9890.  

 

Poisson’s ratio for undrained conditions (νu) 

Fully incompressible behaviour is obtained by setting νu = 0.5. However water is not fully 

incompressible, therefore, to account for the slight compressibility of the undrained soil 

body, νu is taken as 0.495.  
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Table 6.6 Model parameters for setup 1 and 2 

 Setup -1 Setup -2 
Initial properties  K100 K70 K100 TSV 
Thickness (m) 0.04 0.04 0.04 0.04 
Material type Undrained Undrained  Undrained Undrained 
Dry unit weight, γdry (kN/m3) 9.0 12.0 8.0 8.3 
Wet unit weight, γwet 15.0 17.0 15.0 15.4 
Initial void ratio, eo 1.84 1.19 2.04 2.15 
Compression Index (Cc) 0.421 0.400 0.400 0.675 
Recompression Index (Cr) 0.117 0.050 0.123 0.083 
Coefficient of secondary compression (Cα) 0.012 0.007 0.011 0.087 
Drained cohesion, C’  (kN/m2) 1.0 1.0 1.0 1.0 
Drained friction angle, Ø’  27.3 29.5 27.3 26.4 
kx, ky (m/day) 1e-4 1.1e-4 4e-4 1e-4 
Ck 4.22 3.7 0.9247 0.6634 
POP (kN/m2) 50 20 14 11 
 

6.4.2. Calculation  

Once the model parameters were assigned, the water pressures and initial stresses were 

created in the soils layers. The phreatic table was located at the top of the model so that the 

fully saturated condition can be applied to the soils. The soil layers were allowed to drain 

through the bottom and top surfaces. Closed consolidation boundaries were applied at both 

the left and right side of the soil model (Fig. 6.18). After the water pressures and initial 

stresses (K0 procedure) were created, loads were applied simulating the incremental loading 

in the actual tall oedometer tests. Consolidation analysis was performed in two phases under 

each vertical stress. In the phase (1) load was applied under undrained condition 

(instantaneously). A very small time increment of 1e-6 day was allowed to apply the load, 

instead of ‘zero’ time, in order to overcome any numerical difficulties. In phase (2) excess 

pore water pressure was allowed to dissipate over a specific duration which is equal to the 

time allowed in the oedometer tests. The summary of the load – time scheme is shown in 

Table 6.7 and Table 6.8 for setup 1 and 2 respectively.  
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Fig. 6.18 Applying water conditions to the model  

Each calculation phase in the finite element modelling in PLAXIS is solved in a series of 

calculations steps or load steps. During each load step, series of iterations are run to reduce 

the equilibrium error in the solution. A suitable calculation step should be selected so that 

the number of iterations required is small within which the solution converges. If the 

solution reaches the equilibrium within number of iterations less than the desired minimum, 

then calculations steps are too small. If the solution fails to converge within a desired 

maximum number of iterations then the calculation step is identified to be too large. The 

default solution procedures and calculation control parameters proposed by PLAXIS should 

be generally sufficient to run the calculation, although sometimes it is necessary to change 

the standard settings. 

 

Closed consolidation 

boundary 
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Table 6.7 Calculation scheme simulating oedometer tests for setup-1 

Phase Calculation 

type 

Loading Input  

(Staged construction) (kPa) 

Time 

Increment (day) 

1 Plastic 9 1e-6 

2 Consolidation  9 1.26 

3 Plastic 19 1e-6 

4 Consolidation 19 1.80 

5 Plastic 29 1e-6 

6 Consolidation 29 2.91 

7 Plastic 48 1e-6 

8 Consolidation 48 1.06 

9 Plastic 87 1e-6 

10 Consolidation 87 2.93 

11 Plastic 165 1e-6 

12 Consolidation 165 0.99 

13 Plastic 321 1e-6 

14 Consolidation 321 0.79 

15 Plastic 632 1e-6 

16 Consolidation 632 1.15 

 

Table 6.8 Calculation scheme simulating oedometer tests for setup-2 

Phase Calculation 

type 

Loading Input  

(Staged construction) (kPa) 

Time 

Increment (day) 

1 Plastic 9 1e-6 

2 Consolidation  9 2.81 

3 Plastic 19 1e-6 

4 Consolidation 19 4.21 

5 Plastic 29 1e-6 

6 Consolidation 29 3.01 

7 Plastic 48 1e-6 

8 Consolidation 48 4.63 
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In the current analysis, it was observed that two calculation phases in the consolidation 

analysis didn’t converge within the desired maximum number of iterations. At those 

instances, manual settings were used to control the iterative procedure (Fig. 6.19). Keeping 

all other parameters to the default value, the ‘first time step’ value was reduced until the 

solution converges within the desired minimum and maximum number of iterations. The 

standard settings were used for all other calculation control parameters.  

 

 

Fig. 6.19 Manual setting of the calculation control parameters  

6.4.3. Results of numerical modelling  

The agreement between the results from the experimental and PLAXIS modelling is verified 

in the following sections, by comparing the settlement – time plots and back-calculated 

stiffness parameters. 

6.4.3.1 Comparison of PLAXIS and experimental results  

The total vertical settlement at the top of the soil model was obtained for the entire load 

increments. Under each vertical stress, the settlement – time plots are compared with the 

experimental data which was corrected for the immediate settlement. The comparison for the 

double layer consolidation in setup 1 is shown in Fig. 6.20 and Fig. 6.21 for vertical stress 
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range of 9 - 48 kPa and 87 –-632 kPa respectively. Under the initial vertical stresses (9 kPa, 

and 19 kPa) where both the soil layers are in over consolidated stage, the model exhibits 

stiffer behaviour compared to the experiments. The model settlement is less than the 

experimental settlement. The agreement observed between the PLAXIS and experimental 

results for vertical stresses greater than 29 kPa is excellent. The total settlement obtained 

from the PLAXIS modelling and the experiments for the vertical stress range of 9 – 632 kPa 

are 19.76 mm and 21.04 mm respectively.  

 

Fig. 6.20 Comparison of experimental and PLAXIS results for setup 1 (vertical stress range 9 – 

48 kPa)  
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Fig. 6.21 Comparison of experimental and PLAXIS results for setup 1 (vertical stress range 87 

– 632 kPa) 

The comparison of PLAXIS and experimental results for setup 2 is given in Fig. 6.22. 

Except for vertical stress of 9 kPa, where both the soil layers are in the over consolidated 

stage, the agreement between the PLAXIS and the experimental results is good. The total 

settlement obtained from the PLAXIS modelling is 11.33 mm, and for the experiments it is 

11.32 mm for the vertical stress from 9 kPa to 48 kPa. 
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Fig. 6.22 Comparison of experimental and PLAXIS results for setup 2 (vertical stress range 9 – 

48 kPa) 

6.4.3.2 Back-calculating the modified stiffness parameters (λ* and κ*) 

Under each vertical stress, the total primary settlement s100 of the double layer system was 

found from the experimental settlement – time data using the curve fitting procedure 

explained in section 6.3.2. For setup 2, s100 was estimated for vertical stresses varying from 

9 – 48 kPa. To obtain the total primary settlement from the consolidation analysis in 

PLAXIS, the double layer models in setup 1 and 2 were allowed to consolidate up to a 

degree of consolidation of 99.9% under each vertical stress. From the information, the 
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primary settlement (s100) Vs log σ’
v plots were developed and compared in Fig. 6.23 and Fig. 

6.24 for setup 1 and 2 respectively. This is similar to the ep – log σ’
v developed for 

estimating Cc and Cr. The agreement between the plots obtained from experiment and 

PLAXIS is good. 

 

Fig. 6.23  Comparison of s100 – log σ’
v plot from PLAXIS and experiments (setup 1)  

 

Fig. 6.24 Comparison of s100 – log σ’
v plot from PLAXIS and experiments (setup 2) 
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From the plots, the equivalent modified compression index λeq* and modified recompression 

index κeq* of the composite double layer system was estimated. Based on the definition of 

the modified compression index λ* of a single layer given in Eq. 6.5, the equivalent 

modified compression index of the composite double layer system can be expressed by Eq. 

6.15, where εtot is the total strain of the double layer during the primary consolidation 

settlement for an effective vertical stress increment of ∆σ
’
v.  

*
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v v

v

ελ
σ σ

σ
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        (6.15) 

εtot can be represented by Eq. 6.16, where H1 and H2 are the initial thicknesses of individual 

layers.  

( )100

1 2

tot
tot

s

H H
ε =

+
        (6.16) 

(s100)tot is the total primary settlement of the double layer which can be given by the addition 

of total primary settlement of individual layers (s100)1 and (s100)2 (Eq. 6.17) 

( ) ( ) ( )100 100 1001 2tot
s s s= +        (6.17) 

From the definition of modified compression index λ* given in Eq. 6.5, the primary 

settlement of the individual layers (s100)1 and (s100)2 can be expressed by Eq. 6.18 and Eq. 

6.19. 
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Substituting Eq. 6.18 and 6.19 in Eq. 6.15, the equivalent modified compression index of the 

composite double layer system λeq* can be represented by Eq. 6.20 and κeq* can be given by 

Eq. 6.21.  



148 

 

* *
* 1 1 2 2

1 2
eq

H H

H H

λ λλ +=
+         (6.20) 

* *
* 1 1 2 2

1 2
eq

H H

H H
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+         (6.21) 

The back-calculated λeq* and κeq* values obtained from the s100 – log σ’
v plots in Fig. 6.23 

and Fig. 6.24 are compared with the ones estimated from Eq. 6.20 and Eq. 6.21 in Table 6.9. 

Overall, the agreement between the parameters calculated from experiments, PLAXIS and 

the equations is good.  

The results justify the applicability of the curve fitting procedure similar to Casagrande’s 

method to estimate s100 from the experimental data, in addition, the proposed definition for 

the equivalent compression and recompression index of composite double layer system is 

validated.  

Table 6.9 Equivalent modified stiffness parameters of composite double layer system 

(λeq* and κeq* ) 

Set up Parameters σ’
v Range (kPa) Experiment PLAXIS  Eq. 6.20 or 6.21 

1 κeq* 9 - 19 0.039 0.036 0.028 

λeq* 48 – 632 0.063 0.070 0.065 

2 κeq* 9 - 19 0.077 0.097 0.029 

λeq* 19 – 48 0.069 0.078 0.074 

6.5. Error analysis of the approximation by US Department of Navy (1982)  

As discussed in section 2.5.3, Zhu and Yin (2005) developed sets of Uavg – T plots for the 

consolidation of double layer based on the mathematical studies, considering different ratios 

between the properties (cv and mv), thicknesses of the soil layers and drainage conditions. 

The approximation developed by US Department of Navy (1982) suggested converting the 

multi-layer system intoan equivalent single layer and using standard Uavg – T plot of single 

layer consolidation to find the average degree of consolidation of any multi-layer system 

(Section 2.5.4). However this concept does not have any theoretical basis and thus has 

limitations with its application. In this section, the application of US Navy approximation in 
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the consolidation analysis of double layer system is reviewed by performing an error 

analysis, using the soft soil creep model in PLAXIS. The procedure is outlined below.  

It was verified in section 2.5.4 that the relationship between the Time factor T and time t 

defined by Zhu and Yin (2005) for double layer consolidation is equivalent to the 

relationship between T and t developed from the approximation suggested by US 

Department of Navy (1982). The relationship is given in Eq. 6.22, where the subscripts 1 

and 2 indicate soil layer 1 and layer 2 respectively. It should be noted that the expression in 

Eq. 6.22 for T/t is multiplied by 4, for a double layer draining two ways. 

( )
1 2

2

1 2 2 1

v v

v v

c cT

t H c H c
=

+
        (6.22) 

The one dimensional consolidation of a double layer system is modelled in PLAXIS. From 

the total settlement (s) – time (t) data of the double layer system, knowing the final 

settlement at 100 % consolidation, the Uavg at any time t can be found from Eq. 6.23. 

100

( )
( )avg

s t
U t

s
=          (6.23) 

The time factor T can be calculated from Eq. 6.22. The resulting Uavg – T plot will be unique 

for a particular double layer system and it will be similar to the Uavg – T plots developed by 

Zhu and Yin (2005) from the mathematical studies. Comparing this with the standard Uavg – 

T plot for the single layer consolidation, the error in the Uavg calculated from the US Navy 

approximation is found employing Eq. 6.24 at any time factor T. 

( ) ( )
( )

tan

tan

(%) *100%
avg avgs dard actual

avg s dard

U U
Error

U

−
=

    (6.24)   

where, (Uavg)standard  is the value obtained from US Army approximation and (Uavg)actual is the 

accurate value of Uavg of the double layer system. From the total settlement – time data of 

double layer obtained from PLAXIS for both setup 1 and 2, Uavg – T plots were developed 

under each vertical stress varying from 9 to 632 kPa following the procedure described 

above. This is compared with the standard Uavg – T plot for the single layer consolidation in 

Fig. 6.25(a) and Fig. 6.25(b).  
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Fig. 6.25 Comparison of Uavg – T plots with standard Uavg – T for (a) Setup 1 (b) Setup 2
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The consolidation and compressibility properties (cv, kv and mv) of each soil layer in the 

double layer system were calculated under different vertical stresses. Table 6.10 and Table 

6.11 show the ratio between the properties of soils layers used in setups 1 and 2 respectively. 

The symbols rmv, rk and rcv denote the ratio between mv, kv and cv of the soils layers at the top 

and bottom of the double layer system, as explained in Table 6.12. In setup 1, the ratios rmv 

and rcv vary between 0.5 and 2.0 for vertical stresses of 9 kPa to 48 kPa. Other than that, the 

ratios are mostly closer to 1.0 indicating that the properties of K100 and K70 in setup 1 are 

similar (Table 6.10). In setup 2, the ratios rk and rcv vary significantly with increasing 

vertical stress. rk and rcv lie in the range of 4 - 41 and 3 - 60 respectively (Table 6.11). The 

volume compressibility ratio rmv does not change much with vertical stress.   

The effect of these ratios is reflected in Fig. 6.25(a) and Fig. 6.25(b). In setup 1, the soil 

layers K100 and K70 show similar properties, therefore the Uavg – T plots of the double layer 

system under different vertical stresses do not show much difference from the Uavg – T of 

single layer (Fig. 6.25(a)). However larger difference can be observed between the standard 

Uavg – T curve and the Uavg – T plots of double layer in setup 2, for T > 0.1 (Fig. 6.25(b)).  

Therefore it can be concluded that the US navy approximation can be applied with sufficient 

accuracy for the double layer system consisting of soil layers with similar properties. In 

other cases, a correction factor should be applied to find the right Uavg. Rewriting Eq. 6.24, 

the correct Uavg can be expressed by Eq. 6.25.  

( ) ( )
tan

(%)
1 *

100%avg avgactual s dard

Error
U U

 = − 
       (6.25)  

Table 6.10 Ratio between the properties of K100 and K70 in setup 1 

Vertical  
stress (kPa) 

rmv rk rcv 

9 2.1 0.9 0.4 
19 1.7 0.9 0.5 
29 0.5 0.9 1.8 
48 0.7 0.9 1.3 
87 1.1 0.9 0.9 
165 1.0 0.9 0.9 
321 1.0 0.9 0.9 
632 1.0 0.9 0.9 
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Table 6.11 Ratio between the properties of K100 and TSV in setup 2 

Vertical  
stress (kPa) 

 rmv  rk  rcv  

9 1.3 4 3 
19 0.5 6 10 
29 0.6 7 11 
48 0.6 9 13 
87 0.6 13 19 
165 0.6 19 26 
321 0.6 28 40 
632 0.5 41 60 

 

Table 6.12 Definition of property ratios  

Set up Arrangement rmv rk rcv 
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In the experimental modelling of the consolidation of double layer, the system was allowed 

to consolidate two-way and the thicknesses of the soils layers were equal.  In order to 

analyse the application of US Navy approximation for various conditions, the consolidation 

of double layer system in setup 1 and setup 2 was remodelled in PLAXIS. The thickness 

ratio of the soil layers in setup 1 (H(K100) / H(K70)) and setup 2 (H(K100) / H(TSV)) was chosen as 

0.1, 0.5, 1.0, 2.0, 10 and in each case the double layer system was allowed to drain through 

the top surface only or bottom boundary or both ways. The summary of the various 

conditions selected are shown in Table 6.13. Each double layer system was consolidated 

under incremental loading with vertical stresses varying from 9 kPa to 632 kPa, and Uavg – T 

K100 

K70 

K100 

TSV 
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plots were established under each vertical stress. The ratio between the soil properties under 

different vertical stresses were listed in Table 6.10 and Table 6.11 for setup 1 and 2 

respectively. From there, ten different conditions listed in Table 6.14 were selected for the 

error analysis, for each thickness ratio and drainage condition adopted in Table 6.13. In 

setup 2, the ratios rk and rcv vary significantly with vertical stress (Table 6.11), whereas in 

setup 1 the ratios are similar for the different vertical stresses (Table 6.10).  Thus, eight 

different cases were selected from setup 2 for the error analysis and from setup 1 two cases 

were chosen (Table 6.14). 

Table 6.13 Different conditions adopted in the error analysis  

Set up Thickness Ratio 
(H(K100) / H(K70)) or (H(K100) / H(TSV)) 

Drainage conditions 

1 and 2 
 
 
 

0.1, 0.5, 1.0 
2.0 and 10 

Top surface,  
Bottom Boundary and  
Two way 

Table 6.14 Different cases selected for the error analysis  

Set up  Case No rmv rk rcv 
 
1 

1 1.7 0.9 0.5 
2 0.5 0.9 1.8 

 
 
 
 
2 

3 1.3 4 3 
4 0.5 6 10 
5 0.6 7 11 
6 0.6 9 13 
7 0.6 13 19 
8 0.6 19 26 
9 0.6 28 40 
10 0.5 41 60 
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6.5.2. Results and Discussion  

The percentage of error arising from US Navy approximation is plotted against the standard 

Uavg of single layer consolidation in Fig. 6.26-Fig. 6.30, for the five different thickness ratios 

listed in Table 6.13. Based on Eq. 6.24, if the error is negative (-ve), it indicates that the 

consolidation rate of the double layer system is higher than the single layer and vice versa. 

The Uavg is presented in log scale, thus the error at the earlier stages (Uavg < 10 %) can be 

considered of lesser importance than it appears in the plots.  

Fig. 6.26 plots the error percentage for the double layer consolidation with thickness ratio of 

1.0, for the different drainage conditions and properties. Fig. 6.26(a) shows the error in the 

case of bottom drainage.  

• Referring Table 6.12 for the arrangement of the soils layers in setup 1 and 2 and 

Table 6.14 for the ratios between the properties, it can be observed that the soil layer 

with highest kv or cv lies closer to the impermeable boundary (except Case 1). 

Therefore the pore water pressure dissipation in the highly permeable layers is 

always supressed by the less permeable layer lying adjacent to the permeable 

boundary. A similar case was discussed in 2.5.1 using the pore water pressure 

isochrones. This effect is reflected in the positive error in Uavg indicating that the rate 

of consolidation of double layer system is less than that of single layer.  

• For rcv = 0.5 and 1.8, the % error is less than 10 % for Uavg >10. The error increases 

with the increasing ratio between the properties. However for rk > 6, all the plots 

show similar percentage of error.  

• When the thickness ratio varies (Fig. 6.27(a) through Fig. 6.30(a)), there is not much 

change observed in the trend and percentage of error for rk > 6; the error lies in the 

range of 50 – 70 %. For thickness ratio of 1.0, 2.0 and 10, the error for rcv = 0.5 and 

1.8 is less than 10% in the region of Uavg > 10, however this increases with 

decreasing thickness ratio.  

• Another notable feature found for the bottom drainage is, the error changes rapidly 

for Uavg < 10, and beyond that it varies little.  
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Fig. 6.26(b) shows the percentage of error for the consolidation of double layer with the 

thickness ratio of 1.0 draining at the top surface. 

• In this case, the highly permeable layer lies adjacent to the drainage boundary. 

Therefore initially the rate of the consolidation of double layer will be controlled by 

the pore water pressure dissipation happening in the highly permeable layer. With 

time, the less permeable layer starts to influence it. This is reflected in the trend of 

the plots. The error is negative initially indicating the rapid consolidation happening. 

For the larger permeability of the soil layer adjacent to the drainage boundary (Large 

rk), the initial consolidation is more rapid. With time, the error approaches the 

positive region, as the influence of less permeable layer becomes prevalent. This is 

the reason why the percentage of error vary significantly with Uavg unlike the trend 

observed in the case of bottom drainage.  

• When the thickness of the layer adjacent to the drainage boundary increases (i.e. the 

thickness ratio increases) the consolidation becomes slower for the earlier times. 

Comparing Fig. 6.26(b), Fig. 6.27(b) and Fig. 6.28(b), it can be observed that the 

error plots move towards the positive side during the initial times. As a result, the 

error plots level off showing small variation with Uavg (for Uavg > 10). For the 

thickness ratio of 10.0, for rk > 6, the percentage of error lies in a narrow range of -25 

% to 10% in the region of Uavg > 10. 

• Based on the above observation, the trend found for the decreasing thickness ratio 

can be explained. With the decreasing thickness of the highly permeable layer closer 

to the drainage boundary, the initial consolidation process is very rapid as observed 

in Fig. 6.29(b) and Fig. 6.30(b) for the thickness ratio of 0.5 and 0.1. The Uavg region 

over which the percentage of error is negative, is narrow for the thickness ratio 0.1 

when compared to the thickness ratio 0.5 because of the less thickness of highly 

permeable layer adjacent to the drainage boundary.    

The percentage of error in the case of two way drainage is shown in Fig. 6.26(c) for the 

thickness ratio of 1.0. The error is less than 10% for rk =9, 13 and 19 for 6 < Uavg < 80. 

• In two way drainage, the pore water pressure dissipation in the highly permeable 

layer will happen through the top boundary, while the low permeable layer will drain 
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through both the top and bottom boundary. Here the highly permeable top layer acts 

as an impeded boundary for the underlying soil layer.  

• The trend of the percentage of error for different permeability ratio and thickness 

ratio can be explained from the discussion in the case of top drainage. The error 

during the initial times is negative for the high rk ratios. With the increasing 

thickness ratio (i.e the thickness of top layer), the error moves towards the positive 

zone as observed in Fig. 6.27(c) and Fig. 6.28(c).  

o For the thickness ratio of 2.0, for rcv = 0.5, 2.0 and rk = 4, 28 the error 

percentage is closer to zero for Uavg >10%.  

o For the thickness ratio of 10, rcv = 0.5, 2.0 and rk = 4.0 show an error 

percentage between -20 to 20 for Uavg > 10 %. For rk > 4, the error lies in a 

narrow range of 35 to 50%.  

• As the thickness of the highly permeable layer is reduced (i.e the thickness ratio is 

reduced), the initial consolidation is rapid, and when time goes on the error becomes 

positive. Consequently the percentage of error varies significantly with Uavg. 

The average values of the percentage of error for the various conditions discussed above are 

summarised in Appendix C.  

It should be noted that the Uavg – T of the double layer system was developed from the 

settlement – time data. The Uavg – T plots produced based on excess pore water pressure 

dissipation might not be similar to the Uavg – T obtained from settlement – time data, as 

discussed in section 2.5.1. In addition to the error analysis of US Navy approximation, the 

plots in Fig. 6.26 through Fig. 6.30 show the trend of the overall consolidation behaviour of 

double layer system subjected to variation in the soil properties and drainage conditions, 

with reference to the consolidation behaviour of a single layer. The analysis focused on the 

effect of different permeability ratios and thickness ratios in the consolidation of double 

layer system, and similar studies should be performed to understand the effect of volume 

compressibility ratios.  
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Fig. 6.26 Error Vs U avg for thickness ratio 1.0 (a) Bottom Drainage (b) Top Drainage and (C) Two way Drainage 
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Fig. 6.27 Error Vs U avg for thickness ratio 2.0 (a) Bottom Drainage (b) Top Drainage and (C) Two way Drainage 
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Fig. 6.28 Error Vs U avg for thickness ratio 10 (a) Bottom Drainage (b) Top Drainage and (C) Two way Drainage 
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Fig. 6.29 Error Vs U avg for thickness ratio 0.5 (a) Bottom Drainage (b) Top Drainage and (C) Two way Drainage 
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Fig. 6.30 Error Vs U avg for thickness ratio 0.1 (a) Bottom Drainage (b) Top Drainage and (C) Two way Drainage  
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6.6. Summary and conclusions  

This chapter outlines the experimental modelling of the vertical consolidation of two 

different double layer systems in a tall oedometer under incremental loading. The 

consolidation of double layer system was numerically modelled in PLAXIS using soft soil 

creep model and the settlement – time plots under each vertical stress was compared with 

the experimental data. The agreement between both the results was found to be good in the 

normally consolidated region of both soils, whereas, in the over consolidated region, soft 

soil creep model show stiffer behaviour compared to the experiments.  

A curve fitting procedure similar to Casagrande’s method was proposed to find the 

settlement at 100 % primary consolidation from the settlement – time data of the double 

layer system. Further, equations were developed for the equivalent modified stiffness 

parameters λeq* and κeq* for the composite double layer system in the compression and 

recompression region respectively. These parameters are similar to the compression and 

recompression index Cc and Cr. These stiffness parameters λeq* and κeq* were back-

calculated from the settlement – time data of the double layer system obtained under each 

vertical stress, both from experiments and PLAXIS. The comparison between the back-

calculated parameters and the values obtained from the proposed equations was good, which 

justified the applicability of the curve fitting procedure suggested.  

In order to analyse the limitations of the application US Navy approximation in double layer 

consolidation, an error analysis was conducted. The consolidation of double layer system 

was modelled using the soft soil creep model. Different permeability ratios and thickness 

ratios were considered and each double layer system was allowed to consolidate through the 

top surface, bottom boundary and both ways. Comparing the actual Uavg with the Uavg 

obtained from US Navy approximation, plots were established for the percentage of error for 

the different conditions. These error plots were used to study the overall consolidation 

behaviour of the double layer system subjected to different conditions. The US Navy 

approximation works with sufficient accuracy when the permeability ratio between the soils 

is not more than 3.0, for a double layer system of equal thickness and draining both ways. In 

other situations, the error plots and tables developed in the present study can be used to 

correct the Uavg obtained from US Navy approximation.    
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 Summary, Conclusions and Recommendations for future Chapter 7.
research 

7.1. Summary  

Accurate prediction and analysis of the time dependent consolidation behaviour of soft soil 

layers necessitate appropriate consolidation theories, solutions and a good knowledge of the 

subsoil conditions.  

The dissertation aimed to enhance the consolidation analysis of the soils by reviewing the 

existing mathematical solutions, empirical equations and approximations available to assess 

the time rate of consolidation and settlement of single and multi-layered soils. This includes 

investigating the effect of non-uniform lateral distributions of pore water pressure, on the 

radial consolidation of a soil layer where the pore water flow is radially outwards towards a 

peripheral drain. The present solutions developed overlook the effect of non-uniform pore 

water pressure distribution on the radial consolidation and approximate the pore water 

pressure distribution as ‘uniform’. A mathematical study was conducted incorporating series 

solutions method and MATLAB. 

Consolidation analysis of multi-layered soil is complex unlike in the case of single layer, 

since the consolidation behaviour of multi-layered soil is influenced by the properties (cv, kv 

and mv), thicknesses and arrangement of each soil layer. Empirical equations and 

approximations have been developed to simplify the consolidation analysis of multi-layered 

system, which do not have any theoretical background. US department of Navy (1982) have 

developed an approximation to find the average degree of consolidation of multi-layered 

soil, which is applicable to any number of soil layers. The approximation suggested 

converting any multi-layered system into an equivalent single layer.  

As part of the dissertation, the limitations of US Navy approximation was investigated with 

numerical analysis incorporating the advanced soft soil creep model in PLAXIS. The study 

was limited to the consolidation of double layer system. The consolidation of double layered 

system was modelled experimentally and the test was simulated in PLAXIS to validate the 

soft soil creep model. Equivalent stiffness parameters were proposed for the composite 

double layer system, which were validated using the results obtained from experiments and 

PLAXIS.  
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This dissertation also focused on the consolidation and compressibility properties of young 

dredged mud sediment. Maintenance dredged materials are increasingly used as filling 

materials in the land reclamation works, where the mud is mixed with seawater in a slurry 

form and pumped into the reclamation site. The dredged mud slurry is then allowed to 

undergo sedimentation.  

Investigating the properties of recent dredged mud sediment is necessary since the results 

can be applied in similar land reclamation works. Past studies demonstrated that the settling 

pattern of particles during sedimentation influences the homogeneity of particle size 

distribution along the depth of the sediment and also it affects the association between the 

particles. In the present study, attention was paid in assessing the effect of settling pattern of 

particles in the depth variation of properties of the dredged mud sediment. In addition, the 

anisotropy that can exist between the horizontal and vertical consolidation properties was 

analysed from the series of oedometer tests conducted for both vertical and radial 

consolidation. 

The radial consolidation tests were conducted using a peripheral drain to estimate the 

horizontal coefficient of consolidation ch. There are limited curve fitting procedures 

available for estimating ch from the radial consolidation tests with peripheral drain. Within 

this dissertation, an alternative method was proposed to estimate ch which does not require 

any curve fitting procedures. The accuracy of the method was validated from the series of 

radial consolidation tests conducted on dredged mud specimens.  

7.2. Conclusions 

The main conclusions obtained from the present study are summarised in the following 

sections relevant to the chapters of the thesis. 

7.2.1. Influence of non-uniform pore water pressure distributions on the radial 
consolidation behaviour of the soil layer with a peripheral drain  

Various axi-symmetric lateral distributions of non-uniform initial pore water pressure that 

can commonly occur in the soil layer under various embankment geometries and 

foundations were identified. The effect of these non-uniform pore water pressure 



165 

 

distributions on the time dependent radial consolidation of soil layer, draining towards a 

peripheral drain, was investigated. From the mathematical study, Uavg – T plots were 

developed together with isochrones for the pore water pressure and degree of consolidation, 

for each non-uniform pore water pressure distribution.  

• The Uavg – T plots obtained for each non-uniform pore water pressure distribution 

was unique, thus the uniform pore water pressure assumption cannot be applied for 

this scenario. When the load applied at the ground level was spread closer to the 

drainage boundary, the Uavg was faster at any time. 

• Excess pore water pressure isochrones were developed for different non-uniform 

pore water pressure distribution cases. From the isochrones, an important scenario 

was observed for particular cases, referred as the ‘pore water pressure redistribution’, 

where the excess pore water pressure at time t (u(r,t)) was redistributed in specific 

region of the soil layer such that u(r,t) was greater than the initial pore water pressure 

at time t = 0 (u(r,0)). 

• The Uavg – T plots illustrate the time rate of overall consolidation of the soil layer 

well. When the initial excess pore water pressure distributed in a non-uniform way, 

the increase in the effective stress at the completion of consolidation will also be 

non-uniform throughout the soil layer. This variation can’t be identified from the 

Uavg –T plots. The degree of consolidation isochrones can explain this in a better 

way. An alternative expression given in Eq. 3.19 was proposed for the degree of 

consolidation; the isochrones developed based on Eq. 3.19 illustrate the non-

uniformity in the degree of consolidation attained throughout the soil layer. 

*

0,max

( ,0) ( , )u r u r t
U

u

−=         (3.19) 

where, u0, max is peak value of the initial pore water pressure distribution u(r,0). 

• Uavg –T plots and isochrones developed for the various non-uniform pore water 

pressure distributions can be applied in similar situations, where the free draining 

boundary enclosing the consolidating soil layer can be approximated into a circular 

pattern.  
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• In this study, the depth variation of pore water pressure was not considered and the 

pore water flow was assumed to be in the horizontal plane perpendicular to the z 

axis. However, in actual situations, the pore water flow can be three dimensional and 

the pore water pressure may not be uniform with the depth of the soil. Number of 

mathematical solutions have been developed for the one dimensional consolidation 

of soil, influenced by non-uniform pore water pressure distribution along the depth 

(Section 2.2). Incorporating those solution, the average degree of consolidation 

(Uavg) and pore water pressure u for the combined vertical and radial flow can be 

estimated from Eq. 2.16 and 2.17 given below. Further explanation on this is given in 

section 2.1.  

1
(100 %) (100 ( ) %)(100 ( ) %)

100avg avg z avg rU U U− = − −    (2.16) 

0

( , )* ( , )
( )

u z t u r t
u t

u
=

        (2.17) 

7.2.2. Influence of settling pattern of clay particles on the properties of dredged mud 
sediment 

The influence of settling pattern of particles during the sedimentation of dredged mud slurry, 

on the sediment properties was studied with particular focus on the depth variation of 

sediment properties and anisotropy in the coefficient of consolidation and permeability. The 

dredged obtained from Port of Brisbane reclamation site was used for the experiments. The 

dredged mud was remoulded with saltwater (water content 270 %) and freshwater (water 

content 600%) to induce different settling patterns. The saltwater slurry was prepared 

simulating the initial conditions of the dredged mud slurry at the Port of Brisbane land 

reclamation works. Both the saltwater and freshwater slurry was then allowed to undergo 

sedimentation and consolidated by applying surcharge loads.  

Series of oedometer tests were conducted for vertical consolidation and radial consolidation 

to assess the consolidation properties both in the vertical and horizontal direction (cv, ch and 

kv, kh). Particle size distribution along the depth of the sediment was established from the 

samples collected at various depth levels of the sediment.  



167 

 

• From the particle size distribution it was observed that the slurry mixed with 

freshwater formed a highly segregated sediment, which is due to the dispersed 

settling of particles. The saltwater slurry, where the particles were flocculated, 

formed a relatively homogeneous sediment.  

• It was found that the particle size distribution along the depth of the sediment has 

significant influence on the homogeneity of the properties in the sediment. In the 

freshwater sediment, the properties cv, Cc and Cr varies largely over the depth, 

whereas the depth variation of properties in the saltwater sediment was not 

significant.  

• Considerable degree if anisotropy in the coefficient of consolidation and 

permeability was noticed. The coefficient of consolidation and permeability in the 

horizontal direction (ch, kh) was higher than the vertical direction (cv, kv).   

• Young sediment shows random particle association with less fabric anisotropy, thus 

it is generally expected that the coefficient of consolidation and permeability 

properties are isotropic. However the results obtained from the experimental studies 

do not support this assumption. At the Port of Brisbane, the design values for ch and 

cv are selected considering isotropic properties of sediment. However for vertical 

stress varying between 50 kPa and 60 kPa, the ch values were almost 4 times the cv, 

which is substantial.  

• Under the application of vertical stress, the particles tend to align with their faces 

perpendicular to the loading direction, thus, with increasing vertical stress the fabric 

anisotropy increases. Therefore it is expected that the anisotropy in coefficient of 

consolidation and permeability would also increase. However the results show a 

mostly decreasing degree of anisotropy with the increase in the vertical stress. It was 

noticed, for a vertical stress increment, the drop in horizontal permeability kh was 

more than the drop in kv.  

• Some of the important findings were verified from similar tests conducted on 

Townsville dredged mud, where the mud was mixed with seawater to prepare the 

flocculated slurry. The resulting sediment show uniform properties over the depth, 

and the results obtained for anisotropy in coefficient of consolidation and 
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permeability were comparable with the conclusions drawn from the tests on saltwater 

sediment of PoB mud.  

7.2.3. Inflection point method to estimate ch from radial consolidation tests with 
peripheral drain 

In the above experimental studies, number radial consolidation tests were conducted using 

the peripheral drain both on PoB and TSV dredged mud specimens. An alternative 

estimation method was proposed to calculate the horizontal coefficient consolidation ch from 

the settlement – time data obtained from the radial consolidation tests with a peripheral 

drain. It is referred as the ‘inflection point method’, developed based on the characteristic 

feature observed when the gradient of the theoretical Uavg – log Tr  relationship was plotted 

against Tr, where Uavg  and Tr are the average degree of consolidation and time factor for 

radial consolidation respectively. 

• The accuracy of the proposed method was validated using the experimental data 

from tests conducted on PoB and TSV dredged mud specimens. Excellent agreement 

was observed between the predicted and theoretical results.  

• The ch estimated from the inflection point method was compared with the value 

obtained using the standard curve fitting procedure suggested by McKinlay (1961). 

The inflection point method produced slightly higher values for ch (about 16 %) than 

the McKinaly’s method. This is due to effect of secondary compression which 

reduces the ch values in the McKinlay’s method.  

7.2.4. One dimensional consolidation of double layers  

The applicability of the approximation developed by US Department of Navy (1982) in the 

consolidation analysis of double layer system was investigated in this part of the 

dissertation. The one dimensional consolidation of the double layer system was modelled in 

PLAXIS using the soft soil creep model. The ratio between the soil layers in the double 

layer system was varied, and in each case the double layer was allowed to consolidate 

through the bottom surface only, top surface only and two ways. The error arises from the 

US Navy approximation was calculated for different ratios in the permeability of the soil 



169 

 

layers.  One dimensional consolidation of double layer system was modelled experimentally, 

and the tests were simulated in PLAXIS, using the soft soil creep model.  

• The validity of the soft soil creep model in analysing the time rate of consolidation of 

the soft soil layer was verified by comparing the experimental and PLAXIS results. 

The agreement between the settlement-time data of experiment and PLAXIS was 

excellent in the normally consolidated region of the soil layers. In the over-

consolidated region, the soft soil creep model showed stiffer behaviour. 

• To calculate the total primary consolidation settlement attained by the composite 

double layer system, a curve fitting procedure similar to the Casagrande’s log time 

method was suggested.  

• Equations were proposed for the equivalent stiffness parameters of the composite 

double layer system, both in the compression and recompression region (λeq* and 

κeq*). The values calculated from these expressions were compared with the 

parameters obtained from the experimental and PLAXIS results. The agreement was 

good.  

• Comparing the Uavg calculated from US Navy approximation with the correct Uavg, it 

was observed that the approximation can be applied with sufficient accuracy, when 

the ratio in the properties and thickness are not more than 3.0, for a double layer 

system with equal thickness and draining both ways. In other situations it is 

recommended to correct the calculated Uavg for the error, referring the plots and 

tables developed in the present study.  

7.3. Recommendations for future research 

Potential extensions of the studies outlined in this chapter are summarized in the following 

sections, as possible future research areas.   
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7.3.1. Influence of non-uniform pore water pressure distributions on the radial 
consolidation behaviour of the soil layer with a peripheral drain  

In the study, the effect of the non-uniform pore water distribution along the depth of the soil 

layer was not considered in the time dependent radial consolidation behaviour of soil layer. 

Further extension of the study, to develop mathematical solution charts for the coupling 

effects of depth variation and lateral variation of pore water pressure would be beneficial. 

7.3.2. Influence of settling pattern of clay particles on the properties of dredged mud 
sediment 

In the experimental study, the dredged mud sediments were prepared from both flocculated 

slurry and dispersed slurry. It was observed that the horizontal permeability ch and the 

degree of anisotropy in the coefficient of consolidation (ch/cv) were generally larger for 

flocculated sediment than the dispersed sediment. This observation cannot be explained in 

terms of the fabric arrangement alone, since the dispersed sediment is segregated and show 

varying particle size distribution along its depth, whereas the particle size distribution in the 

flocculated sediment is uniform. Further investigations are highly recommended to 

investigate the influence of different fabric of sediment, on the absolute values of 

permeability and coefficient of consolidation. Scanning electron microscopy tests can be 

incorporated in the above investigations, to explain the variation of properties and 

anisotropy with the increase in the vertical stress.  

Past studies indicate that the flocculated sediment forms a ‘card house’ structure with large 

void ratio, which is highly compressible compared to the ‘book house’ structure in the 

dispersed sediment. These different natures of fabric of the sediment would influence the 

coefficient of secondary compression as well, which will be worthy to examine. 

The Clay mineralogy plays an important role in the settling pattern of particles, thus similar 

experimental study can be expanded using various natural clayey soils of different 

mineralogy.  
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7.3.3. One dimensional consolidation of double layers  

The study focused on the one dimensional consolidation of double layer system with varying 

thickness ratios, permeability ratios and drainage conditions. The time dependent average 

consolidation behaviour of the double layer system subjected to the above varying 

conditions was explained comparing with the consolidation behaviour of a single layer.  

• The effect of varying volume compressibility (mv) ratio in the soils in the double 

layer system was not considered in the study, which can be possible addition to the 

study.  

• The experimental study can be run on long term to investigate the secondary 

compression behaviour of the composite double layer system.  
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Appendix A 

Development of solution for the radial consolidation towards a peripheral drain, for 

the uniform initial excess pore water pressure distribution (Silveira 1953) 

The governing equation for radial consolidation by plane radial flow is given by Eq. A.1. 

2

2

1
h

u u u
c

t r r r

 ∂ ∂ ∂= + ∂ ∂ ∂           (A.1) 

Eq. A.1 is solved by the function in Eq. A.2       

u=RT           (A.2) 

where, R = f(r) and T = f(t) only  

Substituting Eq. A.2 in Eq. A.1, the expression in Eq. A.3 is obtained.  
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Eq. A.3 can be re-written into Eq. A.4  
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Eq. A.4 is solved by operational calculus with Laplace transformation given in Eqs. A.5, A.6 

and A.7 

2( ") '( ) 2 ( ) (0)L rR s y s sy s R= − − −        (A.5) 
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Substituting Eqs. A.5, A.6 and A.7 into Eq. A.4, 
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where c = p/(ch)
0.5 

 

By the standard Laplace transformation 

0' ( )R A J cr=           (A.9) 

" 2exp( )T A p t= −          (A.10) 

Substituting Eqs. A.9 and A.10 into Eq. A.2, 

2
0( )exp( )u AJ cr p t= −         (A.11) 

 

The constants p and A are determined by inputting the boundary conditions given below. 

(1) u =u0    for t = 0  at 0 =< r <= R0      where R0 is the radius of soil layer 

(2) u =0   for t ≥  0    at r = R0  

(3) du/dr = 0  for t ≥  0  at r = 0 

Incorporating the boundary condition (1) into Eq. (A.11), 

u0 = AJ0(cr)          (A.12) 

Incorporating the boundary condition (2) into Eq. (A.11), 

J0(cR0) = 0          (A.13) 

 

From there, the factor A is calculated by the Fourier Bessel series (Eq. A.14).  
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By substitution, the pore water pressure u is given by Eq. A.15    
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And by integration, the average degree of consolidation Uavg can be given by Eq. A.16 

2
2

0
2

1,2,..

exp

1 4

h
n

avg
n n

c t

R
U

β

β

∞

=

 
− 
 = − ∑        (A.16) 

where �n is the nth root of Bessels equation of zero order. 

The expression cht/R0
2 in Eq. A.16 can be alternatively represented by the time factor Tr 
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Appendix B 

 

 

 

Fig B1. Modified degree of consolidation isochrones for the non-uniform horizontal 
distribution of embankment loads (Section 3.6) (a) l = 0.0 (b) l = 0.1 (c) l = 0.2 (d) l = 0.3 

(e) l = 0.4 (f) l = 0.5 
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Fig B2. Modified degree of consolidation isochrones for the non-uniform horizontal 
distribution of embankment loads (Section 3.6) (a) l = 0.6 (b) l = 0.7 (c) l = 0.8 (d) l = 0.9  
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Appendix C 

Average percentage of error produced from the approximation suggested by US Department of Navy (1982)5 

 

Table C1. Average percentage of error for thickness ratio 1.0 and bottom drainage (Fig. 6.26(a)) 

rcv or rk  rcv rk 

 0.5 2.0 4.0 6.0 7.0 9.0 13.0 19.0 28.0 41.0 

Bottom 

Drainage 

Uavg (%) 15 -100 10-100 11-97 3.0-92 5-40 40-94 31-70 70-90 3-60 60-80 4-67 67-90 5-71 71-90 3 - 76 76-93 

Error 12 1.0 27 40 59 47 57 41 56 45 56 45 58 48 59 49 

 

 

Table C2. Average percentage of error for thickness ratio 1.0 and two-way drainage (Fig. 6.26(c)) 

rcv or rk  rcv rk 

 0.5 2.0 4.0 6.0 7.0 9.0 13.0 19.0 28.0 41.0 

Two-way Uavg (%) 14-30 30-100 11-23 23-100 14-40 40-76 76-100 5-100 7-100 7-54 54-100 8-61 61-100 6-50 50-100 7-38 38-54 54-100 7-30 30-60 60-100 

Error (%) -11 1.0 -7 5 -28 -13 2 29 24 12 21 5 18 -5 -14 -15 -1 14 -27 -6 15 

 

 

 
                                                           
5
 The readers are referred to Fig. 6.26, Fig. 6.27, Fig. 6.28, Fig. 6.29 and Fig. 6.30 for the percentage of error for conditions which are not listed here.  
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Table C3. Average percentage of error for thickness ratio 2.0 and bottom drainage (Fig. 6.27(a)) 

rcv or rk  rcv rk 

 0.5 2.0 4.0 6.0 7.0 9.0 13.0 19.0 28.0 41.0 

Bottom 

Drainage 

Uavg (%) 17 -98 8 -50  50 – 98 15 -80 80 - 95 5 - 56 56 – 93 5 - 60 60 - 95 5 - 53 53 - 90 6 - 63 63 - 96 4 -70 70 - 90 5 - 77 77 - 94 6 - 82 82 - 96 

Error (%) 11 -6 2 35 21 45 35 60 45 59 47 59 44 59 49 62 50 65 52 

 

Table C4. Average percentage of error for thickness ratio 2.0 and two-way drainage (Fig. 6.27(c)) 

rcv or rk  rcv rk 

 0.5 2.0 4.0 6.0 7.0 9.0 13.0 19.0 28.0 41.0 

Two-way Uavg (%) 12-98 19-100 10-20 20-100 6-100 5 -74 74-100 4 – 98 7 – 100 5 – 100 4 - 42 42 – 100 5 - 40 40 - 76 76 -100 

Error (%) 5 5 -14 2 37 40 36 32 24 15 -3 10 -24 -6 10 
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Table C5. Average percentage of error for thickness ratio 10.0 and bottom drainage (Fig. 6.28(a)) 

rcv or rk  rcv rk 

 0.5 2.0 4.0 6.0 7.0 9.0 13.0 19.0 28 41 

Bottom 

Drainage 

Uavg 

(%) 

4 -100 4 -100 10 –93 6 -

48 

48 - 

67 

6 - 

48 

48 – 

100 

7 – 

80 

7 - 

90 

8 -

67 

67- 

6 

7-

60 

60-

94 

6-

50 

50–

70 

70–

90 

8-

60 

60-

81 

81-

96 

9 - 

70 

70 - 

90 

90 - 

100 

Error 

(%) 

14 13 27 44 36 33 24 31 31 60 38 63 40 66 51 51 70 59 47 73 61 49 

 

Table C6. Average percentage of error for thickness ratio 10.0 and top drainage (Fig. 6.28(b)) 

rcv or rk  rcv rk 

 0.5 2.0 4.0 6.0 7.0 9.0 13.0 19.0 28 41 

Top 

Drainage 

Uavg (%) 4 – 52 52 – 100 3 -100 18-51 50-100 15 -100 8 - 100 10 - 100 9 -100 10 -100 10 -100 10-60 60-80 80 - 100 

Error (%) 26 14 15 -16 -3 10 10 6 2 1 -4 -12 -2 2 

 

Table C7. Average percentage of error for thickness ratio 10.0 and two-way drainage (Fig. 6.28(c)) 

rcv or rk  rcv rk 

 0.5 2.0 4.0 6.0 7.0 9.0 13.0 19.0 28.0 41.0 

Two-way Uavg (%) 13 -100 10 -33 33 – 100 14 – 100 8-100 9 - 51 51 - 100 6 - 48 48 – 100 7 – 80 7 - 90 6 – 90 6 -100 

Error (%) 3 -8 3 12 24 35 24 33 24 31 31 27 28 
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Table C8. Average percentage of error for thickness ratio 0.5 and bottom drainage (Fig. 6.29(a)) 

rcv or rk  rcv rk 

 0.5 2.0 4.0 6.0 7.0 9.0 13.0 19.0 28 41 

Bottom 

Drainage 

Uavg (%) 5-92 7-57 57-94 15-80 80-95 5 -76 76-100 5-60 60-95 19-73 73-90 4-63 63-97 3-51 51-90 5-77 77-94 6-82 82-96 

Error (%) 41 60 47 35 27 44 29 60 45 57 44 59 44 66 53 62 50 65 52 

 

 

Table C9. Average percentage of error for thickness ratio 0.1 and bottom drainage (Fig. 6.30(a)) 

rcv or rk  rcv rk 

 0.5 2.0 4.0 6.0 7.0 9.0 13.0 19.0 28 41 

Bottom 

Drainage 

Uavg (%) 5-76 76-100 7-60 60-95 13-26 26-100 4-70 70-100 2-90 3-97 5-90 4-78 78-94 4-82 82-96 4-84 84-97 

Error (%) 44 6 60 45 -2 8 40 29 53 48 48 48 39 48 37 49 36 
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