
150       Australian Geomechanics Society Symposium (Sydney Chapter) November 2014  
  

DESIGN CHALLENGES OF ROAD WIDENING IN SOFT GROUNDS:  
CHARACTERISATION TO NUMERICAL ANALYSIS 

 

S. Zargarbashi1, J. Alinur2, J. Gniel3 and Craig Curnow4 

1Senior Geotechnical Engineer, Principal4, Golder Associates Pty Ltd, Sydney, Australia 
2Geotechnical Engineer, Golder Associates Pty Ltd, Brisbane, Australia 

3Associate, Golder Associates Pty Ltd, Melbourne, Australia 

ABSTRACT 
This paper presents challenges involved in robust geotechnical design for upgrading an existing motorway, which is 
founded on soft soil. A critical review is presented on current approaches adopted for soft soil characterisation using 
results of laboratory and field tests commonly applied in Australian practice. Particular attention is given to 
assessment of undrained shear strength, overconsolidation ratio (OCR), primary and secondary compression (creep) 
indices and coefficient of consolidation. Some of the limitations of finite element analysis using 2D PLAXIS 
software, as a commonly used tool, and its ‘soft-soil creep model’ are also highlighted. Analytical approaches are 
presented which were used in a case study to overcome these limitations and help with deformation analysis of soft 
soils undergoing creep, as well as the design of rigid inclusions taking into account 3D effects. 

The case study project upgrade works involved widening of the motorway embankment and in turn extension of 
existing culverts, which were located in a river floodplain.  Preload and wick drains were considered for soft soil 
improvement to meet residual and differential settlement criteria over the design life of the new pavement. Rigid 
inclusions were also designed for the new culvert extension to reduce potential differential settlement between the 
proposed extension and existing culverts.  

1  INTRODUCTION 
Transport infrastructure in Australia has been mostly built along the congested eastern and southern coastal belt 
where soft and compressible alluvial and marine clay deposits are often encountered around watercourses and 
paleochannels. These soft deposits present significant challenges to design, construction and performance of major 
infrastructure currently being built or upgraded in Australia.  This is due to their high compressibility and low 
bearing capacity that can adversely affect stability and settlement performance of structures. 

To overcome these challenges and to enable a resilient geotechnical design for such infrastructure, it is crucial that 
fundamental features of soft soils are well understood and characterised through an appropriate laboratory and field 
testing program. Test results should be meticulously interpreted to extract design parameters, and appropriate 
material models should be applied for stability and deformation analyses. It is also important that limitations of 
present material models and commercial software are appreciated and appropriately dealt with to obtain reliable 
outcomes. 

This paper presents challenges involved in robust geotechnical design for upgrading an existing motorway, which 
was founded on soft soil. The upgrade works involved widening of the motorway embankment and in turn extension 
of existing culverts, which were located in a river floodplain. Preload and wick drains were considered for soft soil 
improvement to meet residual and differential settlement criteria over the design life of the new pavement. Rigid 
inclusions were also designed for the new culvert extension to minimise potential differential settlement between the 
proposed extension and existing culverts.  

A critical review is presented on current approaches adopted to extract design parameters using results of laboratory 
and field tests, which are commonly applied in Australian practice. Particular attention is given to assessment of 
shear strength, overconsolidation ratio (OCR), primary and secondary compression (creep) indices and coefficient of 
consolidation. Some of the limitations of finite element analysis using 2D PLAXIS software, as a commonly used 
tool, and its ‘soft-soil creep model’ are also highlighted. Analytical approaches are presented which were used in this 
design to overcome these limitations and help with deformation analysis of soft soils undergoing creep, as well as 
design of 3D rigid inclusions. 

The reader should note that ‘soft soil’ terminology used in this paper represents very soft to firm soils. 
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2  CASE STUDY PROJECT BACKGROUND 
The subject project (confidential) comprises an upgrade of an existing major motorway from 4 lanes to 6 lanes, with 
provision for an additional 2 lanes (8 in total). The upgrade mainly involves widening of existing motorway 
embankments and median infilling as well as realignment of the motorway in one section. There are two main areas 
with ‘soft soils’ requiring early works ground treatment. These sections are low-lying, each about 1 km in length and 
are underlain by soft, compressible Holocene-age deposits of various thickness, up to a maximum depth of around 
10 m depth (Figure 1). There are box culvert structures traversing the existing carriageways which require extension 
to account for the proposed embankment widening.  

The case study presented in this paper is part of early works implemented to reduce the construction time and risks 
for a main contract using preload and ground treatment that can be carried out without significantly limiting future 
design refinement. In particular, this paper describes the finite element stress-strain analysis at a proposed culvert 
extension. The analysis was undertaken to assess the ground displacements, stability conditions as well as structural 
analysis of the piled foundation for the proposed culvert extension. 

 
Figure 1: Sample stratigraphy along the section of the motorway around the case study 

3  SOFT SOIL CHARACTERISATION 
Sections 3.1 to 3.4 provide a critical literature review of different methods utilised to characterise soft soils, and 
cover a range of laboratory and field tests currently used in Australian practice. The design parameters adopted for 
the study project and associated selection processes are described in Section 3.5. As is typical of projects in the pre-
tender phase, there were limited laboratory and field test results available for this early-work design, so the available 
results didn’t include all the tests discussed in this section. 

3.1 SHEAR STRENGTH 
Stability performance, in particular short-term stability, of road embankments founded on soft ground is often a 
design challenge, as it is adversely affected by low bearing capacities of soft soils. Thus, a robust and prudent design 
necessitates appropriate evaluation of shear strength of soft soil deposits using laboratory and field tests. 
 
Short-term stability of embankments on soft grounds  is often controlled by the undrained shear strength ( uS ) of 
saturated soft foundation materials, as soft soils are mostly located around watercourses and paleochannels, where 
groundwater levels are usually near the surface. Upon embankment loading, excess pore water pressure develops 
within saturated soft soil deposits of low permeability. This excess pore water pressure gradually dissipates over 
time and, in turn, effective stress and shear strength increase. However, if at any stage during or immediately after 
construction, the induced shear stress exceeds the average undrained shear strength of soft soil deposits, 
embankment failure can occur under undrained or partially drained conditions.  
 
Therefore, to assess stability of an embankment during and after construction, it is crucial that the initial undrained 
shear strength profile and its subsequent increases due to consolidation be thoroughly assessed for a robust design. 
The initial shear strength profile may be evaluated using laboratory or field testing as discussed in the following 
sections; however, to assess the subsequent increases of uS  due to ongoing consolidation, the variation of the 
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undrained shear strength ratio, vuS  / , should also be studied ( v  is vertical effective stress or consolidation 
pressure). Experimental studies conducted since the early 1970’s (e.g. Ladd and Foott, 1974; Larsson, 1980, Ladd, 
1991) suggested that undrained shear strength ratio can be approximated by the following relationship: 

m

v

u OCRSS )(


 (1) 

Where S=the normally consolidated value of vuS  / , OCR= overconsolidation ratio, and m =the strength increase 
exponent. S and m can vary significantly by soil type. Their recommended values for different soil types are 
presented later in this section. 

Nevertheless, Ladd and Degroot (2003) and various other authors have shown that the undrained shear strength of 
normally consolidated inorganic clays can be approximated using the following relationship: 
 

'22.0 vuS     (2) 

To initial shear strength profile and the undrained shear strength ratio-OCR relationship can be evaluated using 
laboratory and field tests. The type and extent of testing are determined based on the degree of refinement required 
for the undrained strength analysis. Three levels of testing may be considered in regard to sophistication and 
expenses (Ladd, 1991), as follows:  

Level A - for detail design of major projects and sites where foundation materials expected to show significant 
anisotropy in terms of shear strength and stress-strain relationship, or where soils have unusual features such as 
fissuring or high organic content, etc. This level also applies to the project where lateral deformations during 
construction are on interest (e.g. excavation adjacent existing sensitive structures). 
 
Level B - for preliminary or tender design of major projects or detail design of less important projects involving 
"ordinary" soils with low to moderate anisotropy.  
 
Level C - for preliminary feasibility or concept design and also to verify whether initial strengths inferred from 
in situ and laboratory Unconsolidated Undrained (UU) test programs are reasonable. 
 

3.1.1     Laboratory Strength Tests 
There are many types of laboratory testing equipment developed to measure soil shear strength under certain 
drainage conditions and stress paths. Nevertheless, variations of simple direct shear box and triaxial shear testing 
apparatus are commonly available in commercial laboratories and used in practice. Depending on the level of the 
project sophistication and importance, described above, the following laboratory test programme is recommended 
(Ladd, 1991): 

Level A – Due to the effect of intermediate principal stress and anisotropy on the shear strength, a test program 
should ideally include CKoU triaxial tests, where samples are consolidated under Ko (at rest) conditions to 
represent actual site conditions and sheared under undrained conditions. Samples should be tested for different 
modes of failure (e.g. compression and extension). Conventional CKoU triaxial tests, however, generally would 
give conservative peak shear strengths for plain strain problems (Ladd et al., 1977).  Alternatively, the test 
programme could include direct simple shear and plane strain compression/extension tests. 

Testing of samples at different OCRs enables the site specific S and m in Eq. 1to be established. 

Level B - CKoU direct simple shear testing is recommended for Level B to obtain vuS  /  versus OCR 
relationships for stability analyses using isotropic strength profile (Ladd, 1991). Alternatively CKoU triaxial 
compression and extension tests may also be used, however, they would require more soil, more experience and 
effort to obtain reliable results, and hence are more expensive. 

Isotropically consolidated triaxial compression tests should not be relied on in Level B projects. It has been 
shown that these tests could significantly overestimate the in-situ average shear strength for most soils.  

Level C – at this level the empirical correlation of Eq.1 can be used. In absence of site-specific correlations, 
Ladd (1991) suggests the following values for S and m: 
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 Sensitive marine clays (Plasticity Index, IP<30% and Liquidity Index, IL>1): 

S= 0.20, with normal standard deviation of 0.015, and m=1; 

 Homogeneous sedimentary clays of low to moderate sensitivity (Ip=20% - 80%): 

S=0.20+0.05Ip, or simply S=0.22, and m=0.8; 

 Varved clays: 

S=0.16, m=0.75; and 

 Sedimentary deposits of silts and organic soils and clays with shells: 

S=0.25, with normal standard deviation of 0.05, and m=0.8. 

3.1.2     Field Tests 
Laboratory test results can sometimes be misleading for soil characterisation as they are based on testing small 
discrete samples collected from limited and specific depths which are also subject to sampling distrubance. In-situ  
field tests, however, enable assessment of a broader range of soil properties and provide an opportunity for an 
economical tool for soil profiling. The in-situ tests commonly used in Australia include Standard Penetration Test 
(SPT), Field Vane Test (FVT), Piezocone Penetration Test (CPTu) and the Marchetti Dilatometer Test (DMT). The 
SPT is not considered further in this paper as the authors consider it is of limited use for clays and gravelly soils and, 
in any event, is rarely used for soft soil characterisation. Other tests have also limitations in term of applicability as 
discussed below. 

FVT provides a reasonable evaluation of undrained shear strength of relatively homogeneous clay deposits (i.e. 
clays without shells, granular layers varves, fibres, etc.) for preliminary design. However, it should be noted that the 
undrained shear strength assessed by FVT should be reduced by a correction factor as indicated by Bjerrum (1972, 
1973). Chandler (1988), among others, suggested a correction factor as a function of Plasticity Index (PI) and time to 
failure, as presented in Figure 2. 

 

 
Figure 2: Proposed correction factor to raw field vane shear data from plasticity index (after Chandler, 1988) 

 

CPTu is one of the most common field tests used for soft soil characterisation. It is relatively economic, quick and 
provides continuous results ideal for capturing spatial variations of soil properties (Campanella and Robertson, 
1988). The peak undrained shear strength ratio can be estimated using CPT cone resistance as follows: 
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where tq is cone resistance, and ktN  is a cone factor that varies between 10 and 20, with an average value of 14. For 
sensitive clays (8<St <16) ktN  should be reduced (Robertson, 2009a). Sensitivity (St) of clays may be estimated 
using:  

                                                                                                                                                                                                                      

where %100)]/([ votsr qfF  is CPT normalised friction ratio. For large and important projects (Levels A and B 
projects), site-specific ktN  should be determined using laboratory and FVT results.  In the authors’ experience, a 
reasonably accurate assessment of  ktN  can be made by calibrating the results of the continuous CPT shear strength 
profile to discrete FVT measurements made in nearby boreholes or test holes.   

Marchetti DMT is also inexpensive and relatively quick tool for soil profiling. However, the empirical relationships 
presented for DMT have limitations and need site-specific calibration for major projects (Ladd, 1991). Having said 
that, the original correlation for determining cu from DMT recommended by Marchetti (1980) is as follows: 

1.25
Dvou )K (0.5  0.22 = c    (5) 

where DK is horizontal stress index from DMT test. 

3.2 OVERCONSOLIDATION RATIO 
Stress-strain behaviour of soils is highly stress history dependent. Therefore, it is crucial that the initial stress history 
of the deposit and its evolution during construction be comprehensively assessed. Pre-consolidation pressure (σ′p) is 
commonly used to evaluate the deposit initial stress history1.  

Pre-consolidation pressure, known as ‘maximum past pressure’ that acted on the soil, represents a yield stress that 
divides recompression (elastic) from virgin compression (plastic or irrecoverable) during one-dimensional 
compression. Jamiolkowski et al. (1985) indicated four different mechanisms which can cause over-consolidation 
(OCR2) values greater than 1 within horizontal clay deposits: 1. Mechanical, due to removal of overburden pressure 
or lowering water table, 2. Desiccation, due to evaporation or freezing, 3. Aging or secondary compression, due to 
drained creep, and 4.Physico-chemical, due to natural cementation and related phenomena.  Wong (2006a) provides 
further discussion on these mechanisms with particular emphasis placed on the effects of ageing. 

For young man-made deposits such as dredged materials and mineral processing wastes, the aging and physico-
chemical mechanisms can be neglected. While for natural deposits, all of the mechanisms could effectively 
contribute to actual OCR of the deposit (Ladd, 1991). 

Determination of σ′p profile plays an important role in analysis of soft soils, as it governs the initial in-situ undrained 
strength and represents the boundary between recompression with little deformation and small increase in Su and 
virgin compression involving substantial rate of compression and strengthening of the soils. Different methods are 
used in practice to evaluate σ′p including: laboratory consolidation tests and correlation with field test results. 

3.2.1     Laboratory Tests 
The most common laboratory test used in practice is incremental oedometer tests (1D-consolidation test) using a 
load increment ratio (ΔP/P) of unity, which is often required to be reduced to about 0.5 to obtain a better fitted curve 
in the vicinity of σ′p (Ladd, 1991). The test procedure and its result interpretation are well described in the literature 
(e.g. Casagrande, 1936, Schmertmann, 1955) and known by geotechnical engineers. Boone (2010) presents a critical 
appraisal of common methods used for interpretation of preconsolidation pressure using oedometer tests and 
proposes a new, simplified approach.  However, it is worthwhile to highlight that users should be aware of the 
limitation of different interpretative techniques presented in the literature, as some might be only applicable to 
special classes of clays, e.g. structured clay, which could introduce significant errors if generalised to other types of 
clay. The authors consider Casagrande (1936) method is an appropriate method for ordinary clays, and for structured 
clays Schmertmann (1955) technique can be applied to correct the compression curves.     

3.2.2     Field Tests 
FVT, as mentioned before, can provide a reasonable measure of undrained shear strength of homogenous clays. It 
can also be used to evaluate OCR using Eq. 1, as follows: 

                                                           
1 In general, soil behaviour not only depend on can be stress path dependent   
2 Over Consolidation Ratio: ratio of σ′

p to in-situ initial vertical effective stress (σ′v0). 
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where )(FVus  is corrected undrained shear strength from FVT. As S and m could significantly vary for different soil 
types, site-specific correlations should be established. 

There are also a few correlations presented in literature between OCR and CPT test results. The most common 
relationship is as follows (Robertson, 2009a): 
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where k is the preconsolidation cone factor with an average value of 0.33, with an expected range of 0.2 to 0.5. A 
higher value of k is recommended in aged heavily consolidated clays. Its value should be adjusted based on previous 
experience in the same deposit, where possible.  

Further to this, a quick assessment of pre-consolidation pressure and OCR for inorganic clays can be made by 
comparing the calibrated shear strength profile derived from the CPT to the theoretical normally consolidated shear 
strength profile calculated using Eq. 2.  However, CPT interpreted OCR may not always be reliable because, as 
indicated by Blight (1986a, 1986b), no universal correlations can be made between penetration pore pressure-cone 
resistance data and stress history. This is because the shear induced pore pressure, which varies with OCR is small 
compared with the total pore pressure measured by the cone pressure cells. Also, cone-resistance-undrained shear 
strength correlations need site-specific data. 

In the authors’ experience, Marchetti DMT provides more reliable results than CPTu in evaluation of soil stress 
history (i.e. OCR) of cohesive deposits and K0, at–rest coefficient of lateral pressure. Nevertheless, it should be noted 
that some of the empirical relationship presented for DMT have limitations and need site-specific calibration for 
major projects (Ladd, 1991). 

Marchetti (1980) presented an imperial relationship between OCR and KD for fine-grained soils, based on DMT 
results carried out at over 40 Italian sites, which is still commonly used: 

56.1)5.0( DKOCR   (8) 

Similar equations have been published by others based on DMT testing at different sites (Mayne and Martin, 1998; 
Kamei and Iwasaki, 1995), of which most have similar forms to Eq. 3. The equation form is also confirmed by 
analytical studies (Finno, 1993) and is influenced by soil shear strength, stiffness and compressibility (Robertson, 
2009b). Therefore, for detailed design of large projects, the authors consider this equation may need to be compared 
to site-specific data and calibrated if required. 

3.3 PRIMARY AND SECONDARY COMPRESSION INDICES 
Relatively strict settlement criteria often apply to major roads and highways in Australia which sometimes are in 
effect up to a century after their construction. These criteria are used to essentially reduce maintenance costs for road 
pavements and to satisfy the drivers’ comfort which is governed by change in grade of the pavement. Meeting these 
tight criteria is often a major challenge and can have a significant impact on the project cost. The reliable prediction 
of settlements in soft soils requires a reasonable understanding of their compressibility and time-dependent 
settlements (i.e. primary consolidation and creep) behaviour. This is achieved by undertaking laboratory and field 
tests or adopting empirical correlations to determine primary and secondary compression indices and consolidation 
coefficient (Cv). The latter parameter is discussed in the next section. This section presents the most common 
approaches to assess primary compression (cc) and unloading-reloading compression (cr) indices as well as 
secondary compression or creep index (c) which define compressibility of soils under applied pressure.  

1D-consolidation tests with incremental load stages are the most common and commercially available laboratory test 
used to determine soil consolidation parameters. Typically, end of primary consolidation (EOP) void ratios (e) are 
plotted versus applied consolidation pressure (σ) in the e-log σ plane. cc and cr are calculated as the slope of the 
normally consolidated (NC) compression curve and unloading-reloading curve, respectively.  

For each loading stage, variation of e versus time is typically plotted in e-log t planeIf settlement reading is 
continued long enough after EOP, the shape of the e-log t plane often consists of three linear segments representing 
initial compression, primary consolidation and secondary consolidation. It is important that settlement reading is 



DESIGN CHALLENGES OF ROAD WIDENING IN SOFT GROUNDS: CHARACTERISATION TO NUMERICAL 
ANALYSIS                                                                     ZARGARBASHI et al. 

156                             Australian Geomechanics Society Symposium (Sydney Chapter) November 2014 

continued at least for one log cycle of time after EOP, otherwise c, the slope of the secondary consolidation 
segment e-log t plane, can be overestimated. 

Some of commercial laboratories present only the assessed values of c with test certificates and do not present the 
time plots. Nevertheless, the authors recommend that these plots are sought from commercial laboratories so 
geotechnical engineers can verify the reliability of assessed cvalue; which its over or under estimation could result 
in significant design and maintenance costs, respectively. 

Although consolidation testing can be expensive and time consuming, it is considered crucial in major projects (i.e. 
Level A and B projects). For less critical design, several empirical correlations have been presented in the literature 
to estimate compression indices using Atterberg limits and natural moisture content. These correlations provide an 
easy and inexpensive alternative method based on which the scope of the geotechnical laboratory program can be 
reduced to confirmatory investigation of the consolidation properties; hence reducing the amount of required 
consolidation testing. In the authors’ experience, these correlations are used in less important projects (Level C) or to 
verify and obtain further data in combination with consolidation tests on more important projects.  

3.3.1     Primary Compression Index 
Correlations for primary compression index, which are widely used in practice and also considered in the case study 
presented later in this paper, are summarised in Table 1. 

Table 1:  Selected empirical correlations for primary consolidation index. 

Soil Equation1,2 Reference 

All Clays )35.0(15.1 0  ecc  Nishida (1956) 
Inorganic Clays )27.0(30.0 0  ecc  Hough (1957) 

Undisturbed NC Clays )10(009.0  LLcc (±30% error) Terzhagi and Peck (1967) 
All Clays 

pc Ic 01325.0 or Nc Wc 01.0  Koppula  (1981) 
All Clays LLWc Nc 005.0009.0   Koppula  (1986) 
All Clays 

Nc Wc 012.0  US Army (1990) 

Note: 1.     LL=Liquid Limit, pI = Plasticity Index, WN= Natural moisture content and e0= initial (in-situ) void ratio. 

2. In these equations, Atterberg limits and WN are in percentage, not decimal. 
 

3.3.2     Secondary Compression Index 
Soil creep or secondary compression is considered one of the controversial concepts in geotechnical engineering 
practice. There are differing opinions on aspects ranging from the reference time when creep settlement is thought to 
begin to the general applicability of some of the ccc  correlations presented in the literature. Nonetheless, it is 
widely accepted that for the purpose of settlement analysis, the creep reference time is at EOP.  Mesri and 
Godlewski (1977) introduced the concept of ccc / that for any natural soil, the ratio of c to cc is constant for any 
time, effective stress, and void ratio during secondary compression. Therefore, the value of ccc /  together with 
EOP e-log σ curve completely defines the secondary compression behaviour of any consolidating soil. This concept 
has been validated for variety of soils and peat (e.g. Fox et al., 1992) and used for preloading design for soft ground 
(Mesri and Choi, 1985).  

To assess site-specific ccc / values, special attention should be given to selection of ccc  pairs.  They should be 
selected for the same time, effective stress and void ratio, as graphically depicted in Figure 3. 
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Figure 3: Corresponding values of c and cc at any instant ( te v ,,  ) during secondary compression (after 
Mesri and Castro, 1987) 

 

The ratio ccc /  is independent of time and its total range of values for all soils are in the range of 0.01 to 0.07 
(Mesri and Vardhanabhuti, 2005). Table 2 shows the typical range of this ratio for different soils. 

 

Table 2:  Values of ccc / for geotechnical materials (Mesri and Castro, 1987; Mesri and Vardhanabhuti, 2005) 

Material ccc /  

Granular soils including rockfill 0.02±0.01 
Shale and mudstone 0.03±0.01 

Inorganic clays and silts 0.04±0.01 
Organic clays and silts 0.05±0.01 

Fibrous and amorphous peats 0.06±0.01 
 

3.4 COEFFICIENT OF CONSOLIDATION 
Coefficient of consolidation controls the rate of consolidation settlement and in turn strength gain achieved over 
time. The laboratory 1D-consolidation test is used to estimate the vertical coefficient of consolidation, vC ,whereas a 
piezocone (CPTu) with pore pressure dissipation test data or flat dilatometer (DTM) can be used to estimate the 
horizontal coefficient of consolidation, hC . The general trend associated with coefficient of consolidation is that the 

vC values are stress dependent and that higher values are to be expected for effective stresses less than the 
preconsolidation stress.  

Nonetheless, it is generally assumed to be constant within the interest range of stress. This is one of several 
simplifying assumptions made in the Terzaghi theory of 1D-consolidation. Therefore, even the best estimates of vC  
or hC  from high-quality laboratory tests typically only result in predictions of consolidation settlement rate within 
one order of magnitude of observed values. The laboratory value of vC  is usually less than the value measured in the 
field (Sebatini et al., 2002). The authors, based on their previous experience, consider that actual vC  value can be 2 
to 3 times larger than the value measured in the laboratory. Therefore, it is recommended that laboratory vC  values 
are compared to the values for hC  obtained from field dissipation tests to select a design value. Although the rate of 
horizontal consolidation can be greater than that in the vertical direction, for most relatively isotropic soils the ratio 
of lateral to vertical consolidation is not greater than two (Table 3). Nevertheless, it should be noted that in highly 
stratified soils such as varved clays a ratio of ten or more is anticipated (Sabatini et al., 2002).  Furthermore, Figure 4 
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presents a correlation for vC  which can be used to judge the reasonableness of computed vC  values obtained from 
oedometer test data (U.S. Navy, 1971). 

Table 3:  Suggested anisotropic permeability of clays (after Jamiolkowski et al., 1985) 

Nature of clay vhvh cckk //   

No evidence of macrofabric or layering, or only slightly developed 
macrofabric, essentially homogeneous deposits 

1 to 1.5 

From fairly well to well-developed macrofabric, e.g.  sedimentary clays with 
discountinious lenses and layers of more permeable material  

2 to 4 

Varved clays and other deposits containing embedded and more or less 
continuous permeable layers 

3 to 15 

 

 
Figure 4: Correlation of coefficient of consolidation with liquid limit (after U.S. Navy, 1971 and Sebatini et 
al., 2002) 

3.4.1     Field Dissipation Tests 
Piezocone (CPTu) 

During cone penetration excess pore pressures are generated in the soil around the cone. The dissipation rate of this 
excess pore pressure is controlled by soil permeability and its compressibility. Therefore, interpretation of its 
dissipation curve could enable estimation of quantities such as permeability and coefficient of consolidation. The 
initial cone generated pore pressure and its dissipation over time have been modelled based on the cavity expansion 
theory with critical state soil models, with coupled or uncoupled consolidation analysis. Different methods have 
been used to capture its initial distribution of the pore pressure around the probe such as strain path method (Baligh 
and Levadoux 1986), large strain finite element analysis (Houlsby and Teh 1988) or cavity expansion (Burns and 
Mayne 1998, Chang et al 2001) for which different equations have been presented in the literature relating 
dissipation data to coefficient of consolidation.  

Teh & Houlsby (1991), based on the strain path method, provide the most reasonable results among others especially 
at U=50% (U, being average consolidation ratio). They indicate that for monotonic pore water decays generally 
associated with soft to firm clays and silts, where the readings always decrease with time, the following expression 
may be used to determine coefficient of radial consolidation: 

t
IrT

C R
h

2*

  (9) 

In which *T is a modified time factor from consolidation theory, r  is the probe radius (17.8 mm for 10-cm2 cones), 
uR sGI /  (G being undrained shear modulus) is rigidity index (generally ranges between 50 and 500) and t  is the 
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measured time during dissipation (usually at t50 representing 50% consolidation). There are other solutions presented 
for the modified time factor *T  based on different theories. For the particular case of 50% consolidation, the 
respective time factors are T* = 0.118 for the mid-face porous element (u1 position) and T* = 0.245 for the shoulder 
porous element (u2 position). 

For relatively short dissipation tests, where determination of 50t  from the normalized excess pore pressure curve is 
not possible, Teh (1987) proposed the following equation on the basis of square root time plot of dissipation results: 

RTh IrMmC ..)/( 22  (10) 

Where m  is initial slope of the linear part for square root time plot of normalised excess pore pressure curve, TM  is 
a coefficient equal to 1.15 for the typical u2 position and 10-cm2 cone. 

Determination of 50t  is quite straight forward for monotonic dissipation curves when the ultimate pore pressure (u0, 
hydrostatic water pressure at the time of the test) is known either from a long enough dissipation reading or 
measured groundwater level. Nevertheless, non-standard dissipation curves are observed, particularly for pore 
pressure transducers located at the shoulder (u2 position) or the shaft of a cone (u3 position). These differences may 
be due to shear-induced dilatancy of over-consolidated clays or sandy soils, and unloading effects for soil elements 
moving from the tip to the shoulder of a cone (Sully et al., 1999). In order to be able to use above equations, 
exclusively developed for monotonic dissipation curves, Sully et al. (1999) have proposed two correction methods to 
convert these curves to monotonic ones. The first method involves shifting the origin of time to that point where the 
measured pore pressure is a maximum (Figure 5a). The second method fits a square root of time plot to the post-
maximum pore pressure dissipation curve in order to back-extrapolate the value of the initial pore pressure, as 
depicted in Figure 5b. However, care should be taken as shifting the origin of time ignores the effect of pore 
pressure redistribution in the vicinity of the cone before the measured pore pressure reaches its maximum, which 
could result in over-estimation of 50t  and in turn underestimation of the value of hC . Chai et al. (2012) have 
proposed an imperial relationship based on their numerical analysis of radial consolidation around piezocone which 
correct 50t  measured using the above methods. 

 
(a)  (b) 

Figure 5: Correction for dilatory dissipation: (a) logarithm of time plot, (b) square root of time plot (after Sully et al., 
1999) 

Marchetti DMT Dissipation Tests 

Similarly, DMT can also be used to monitor dissipation rates of penetration pore water pressure. To the authors’ 
knowledge, there is no theoretical method published specifically for flat dilatometer penetration. However, the 
theoretical solutions developed for CPTu have been used to interpret DMT dissipation results by assuming an 
equivalent radius of the DMT blade and using equations similar to Eq. 9 with nominated empirical values for *T  to 
estimate hC (e.g. Robertson et al., 1988).  

Marchetti and Totani (1989) proposed a method consisting of sequential ‘A readings’ (the contact pressure 
measurement) at several times, while the blade is stopped at a specific depth, until the ‘A reading’ is stabilised. They 
suggest that  flexh tC .  is constant ( flext  being the time associated with the contraflexure point in the A-log t curve), and 
would range between 5 to 10 cm2. Marchetti and Totani’s method or other DMT based methods may also be used to 
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estimate consolidation properties, however, it should be noted that the empirical factors used in these methods show 
some notable variations and extra care should be taken to select and verify appropriate site specific factors. 

3.5 SELECTED DESIGN PARAMETERS USED IN CASE STUDY 
The inferred geotechnical data in the vicinity of the case study as well as selected design values are shown in 
Figure 6. The geotechnical parameters for design were based on the assessment of field and laboratory tests, as 
described above, as well as from experience in similar geological deposits in the project region. 

The undrained shear strength of the Holocene alluvium determined from field vane shear tests (peak values 
corrected for plasticity) and laboratory triaxial tests indicated good correlation with CPTu adopting a ktN  of 12 
(Figure 6a). However, overconsolidation ratio assessed from laboratory consolidation tests were slightly lower than 
inferred from CPTu (Figure 6b). 

There appears to be a large scatter in results of empirical relationships used for determining the modified primary 
compression index. However, the published relationship considered in this paper by US Army (1990) indicates the 
best correlation with project specific laboratory data, as depicted in Figure 6d. 

A 04.0/ ccc  is assessed based on limited consolidation test results available in this area, which shows a good 
agreement with the typical ratios presented in Table 2 for inorganic clays. The ratio of 0.04 is used to correlate c  
based on some other older consolidation test results with no secondary compression index reported (Figure 6e)   

 
(a) (b)  (c) 
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(d) (e) (f) 

Figure 6: Typical material parameters obtained through laboratory and field testing and selected design values. 

 

 

4  RECOMMENDATIONS FOR SITE INVESTIGATION 
A comprehensive geotechnical site investigation (SI) is one of the crucial initial steps in every project which enables 
safe, resilient and economic design, and identifies potential mechanical and chemical hazards related to the ground. 
No universal approach can be recommended for site investigations as their extent, planning, approach and sampling 
and testing methods adopted will depend on the site-specific circumstances and the project requirements. Standards 
such as BS5930-1999 ‘Code of practice for site investigations’ or, to some extent, AS1726-1993 ‘Geotechnical site 
investigations’ set out the minimum requirements for a geotechnical site investigation and provide some guidelines 
for planning and design of  SI, methods and testing, etc.  However, further to specifying type, location and target 
depths of field and laboratory tests, there are other factors to be considered. Such factors could significantly increase 
usefulness of SI results and improve soft ground characterisation, and potentially result in a more reliable and 
economic design with significant potential savings in the project construction or maintenance costs. Some of these 
factors are highlighted as follows: 

 Site investigations for soft ground, in particular for the detailed design stage, should allow for a 
combination of CPTu (with dissipation tests), DMT, FVT, and appropriate laboratory shear and 
consolidation tests. As discussed in Section 3, some of these tests have advantages over others and it would 
be useful to consider a balance of different field and laboratory test results; 

 It would be useful that the above field and laboratory tests are undertaken in the vicinity of each other at a 
few locations within the same soft soil deposit and at similar depths. This would enable selection and 
validation of site-specific correlations, where appropriate, as discussed in Section 3; 
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 The quantity of tests will not guarantee a successful site characterisation, but the quality of test results is 
also important. It is critical that field and laboratory test equipment is calibrated and standard testing 
procedures are strictly applied in the field and laboratory. For instance, it is important that the CPT and 
DMT equipment is appropriately calibrated and piezocone pore pressure porous elements are saturated and 
de-aired before testing; and 

 It is then important that geotechnical engineers supervising site investigations be completely familiar with 
the standard field testing procedures and calibration of field test equipment, and periodically request field 
testing contractors to demonstrate calibration of their equipment, as appropriate.  

Furthermore, to facilitate the interpretation of test results, the authors also recommend: 

 Groundwater level is measured at the time of CPT tests and be reported with CPT results; 

 e-log t curves for each loading stage of consolidation tests  are also presented with the test results to enable 
geotechnical engineers to verify the assessed consolidation parameters; and 

 Consolidation reading at each stage is continued at least one log cycle of time after EOP (and preferably 
more within the range of applicable stresses) to enable reasonable estimation of the secondary compression 
index ( c ).  

5  FINITE ELEMENT ANALYSIS 
Common practices in soft ground profiling and characterisation were reviewed in Section 3. The final part of a 
geotechnical design would be geotechnical modelling and numerical analysis (if warranted). One of the most 
commonly used commercial finite element analysis software products used in the geotechnical practice is 2D 
PLAXIS. In this section, comments are provided about the PLAXIS material models which can be adopted for 
consolidating soil deposits, different approaches used to model wick drains (usually used in soft ground 
improvement) and modelling of rigid inclusions or piles using 2D PLAXIS. 

5.1     MATERIAL MODEL 
One of the most important steps in setting up a numerical model for an engineering problem is adoption of 
appropriate material models. 2D PLAXIS provides users with different models for soils among which Soft Soil (SS) 
and Soft Soil Creep (SSC) models can be used to simulate consolidation of isotropic soft soils. The SSC model also 
incorporates concepts of viscoplasticity in order to capture time-dependant creep deformations. Both models adopt 
Mohr-Coulomb (MC) failure criterion. 

These models can predict soft soil behaviour with reasonable accuracy. However, this not only depends on the 
quality of basic input parameters, which include compressibility indices and shear strength parameters, but also the 
accurate calibration of the model as further discussed below:  

5.1.1     Calibration for Rate of Consolidation 
It is a common practice that a constant value is nominated for coefficient of consolidation ( vC ) of soil units, based 
on Terzaghi’s theory of 1D-consolidation. Nevertheless, there is no input vC  value to the SS or SSC models.  
PLAXIS calculates rate of consolidation directly based on coefficients of permeability ( hk and vk ), which are model 
inputs, and coefficient of volume compressibility ( vm ), which is assessed at each loading step, based on the current 
stress state and the input compressibility parameters. 

To achieve similar consolidation results as those anticipated based on the design vC  value, the input coefficient of 
permeability for each material should be estimated using the following equation: 

wvvv mCk ..  (11) 

Where, 
v

v e
em

 



).1( 0

, v  is the applied pressure (e.g. average surcharge due to a new embankment), 0e is initial 

void ratio, e  is the change of the void ratio due to the applied pressure, and w is unit weight of water. It should be 
noted that vm  is not constant and depends on the current value of the effectives stress. However, its average value 
may be simply calculated using a formulated spread sheet when initial OCR and compressibility indices of the layer 
are known. Then the equivalent vk  can be estimated using Eq. 11. 
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Alternatively, for preliminary analysis and in the absence of test results, a sec/10 9 mkv
 can be considered for soft 

clays, as vk  for the majority of soft clays ranges between sec/105 9 m  and  sec/105 8 m  (Mesri and Choi, 1985). 

5.1.2     Calibration of M-parameter 
The SS and SSC models have a cap yield surface to delineate elastic and plastic strains. In both models, a M-
parameter determines the height of this elliptical cap yield surface and in turn controls the coefficient of lateral stress 
in normal consolidation ( ncK 0 ). By default, sin10 ncK is considered in both models (  is the friction angle of the 
material).  On this basis the M-parameter is calculated automatically such that the simulation of an oedometer test 
will give the most realistic results. It should be noted, however, that the SSC model in PLAXIS V8 (or older 
versions) adopted an M-parameter such that the simulation of an undrained triaxial test gave the best results 
(Waterman and Broere, 2004), using the following equation: 

)sin(3
)sin(.6




M  (12)  

This equation yields a smaller value than the automatically calculated default value. It should be noted that the M-
parameter would affect calculated displacements but would not affect undrained shear strength in these models, as 
the both models use a MC failure criterion. Therefore, to obtain more realistic results, the M-parameter can be 
adjusted by changing default ncK 0 value in regard to the purpose of the analysis. 

5.1.3     Calibration of SSC model for ageing effect 
The cap yield surface in the SSC model continuously expands over time with a decreasing expansion rate. This 
enables the model to simulate the ageing effect in the soft soils (Schmertmann, 1991). The rate of the cap expansion 
is affected by any change in the stress state; an increase in stress, even when the stress remains within the elastic 
region, increases the rate of the cap expansion. Similarly, a decrease of stress decreases in the velocity of the cap 
expansion. However, the cap never stops expanding. 

The above artificial ageing effect could affect the creep settlement analysis as the creep rate at which PLAXIS 
displacement calculation starts depends on the current value of OCR, which is continuously changing over time in 
this model. So to obtain more realistic creep settlements, it is important that the ageing effect, or in other words the 
amount of creep settlements occur due to the self-weight of the layer before a new load applies, is taken into the 
account (Wong, 2006). It is proposed then the default OCR=1 is selected for the soft soil, and after the stress 
initialisation of the PLAXIS model, a plastic nil step is considered with a time period of Δt (may be called 
‘geological time period’) estimated as follows (Waterman and Broere, 2004):  

))ln(.exp( *

**

OCRt

 

  (13) 

In which )]1(3.2/[ 0
* ecc  , )]1(3.2/[.2 0

* ecr   and )]1(3.2/[ 0
* ec    are modified compression index, 

modified swelling index and modified creep index, respectively. The value of OCR in this equation is the design 
value selected through the soil characterisation practice. In the cases where the design value for soft soil OCR 
changes with depth or the geotechnical model comprises more than one soft soil unit with different compressibility 
indices and/or OCR, one may resort to considering an average OCR value in Eq. 13 with or without an initial 
OCR>1 profile for different units to account for the ageing effect.  

Alternatively, the SS model can be adopted for soft soils to calculate primary consolidation settlements using 
PLAXIS.  Creep settlements can then be separately calculated using other methods (e.g. Mesri and Choi, 1985, 
Wong 2006b, etc.), possibly with a formulated in-house spreadsheet, where the user could appropriately control the 
creep starting time and the creep rate, depending on the loading history. In the authors’ experience, this latter 
approach can provide more realistic results when compared to the PLAXIS SSC model, particularly for modelling 
staged construction involving unloading (e.g. surcharge removal).  In several case studies assessed by the authors, 
the current PLAXIS formulation seems to overestimate the creep rate during and after unloading.  Whilst 
acknowledging this may be associated with improper use or calibration of the geological time step, the concept can 
be difficult to rationalise and a simpler analytical approach based on well stablished principles is therefore 
appealing. The authors note a similar finding by Wong (2006b).  
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5.2     WICK DRAINS 
Wick drains are installed by pushing the wick drain (and anchor plate) into the ground using a mandrel.  The process 
can disturb a zone of soil around the centre of the drain referred to as the smeared zone. This smearing can break 
down the natural structure and drainage pathways in the soil, reducing horizontal permeability and effectively 
reducing some of the benefits the wick drains are designed to provide. 

The diameter of the smeared zone, ds, can vary substantially from the equivalent diameter of the wick drain, dw, 
depending on the soil type, the size and type of equipment used to install the wick drains and the experience of the 
contractor installing them.  Likewise, the horizontal permeability of the smeared zone, ks, can be significantly lower 
than that of the parent soil, kh. Therefore, design is not just sensitive to the soil parameters adopted, but is also 
heavily dependent on construction practices.  

There are various methods available to design wick drain treatments.  The most straightforward typically comprise 
analytical solutions that are based on radial consolidation theory and apply corrections for the diameter and 
permeability of the smeared zone.  As an example, Yeung (1997) provides a practical analytical design approach by 
presenting design curves used to calculate wick drain spacing, assuming different ratios of kh/ks and dw/ds. Values of 
kh/ks and dw/ds range from 5 to 10 and 2 to 3, respectively, depending on the level of conservatism warranted in 
design.      

Finite element approaches can be adopted where more robust analysis is required.  This is typically undertaken by 
modelling wick drains using one of the following approaches: 

 Modelling wick drains as individual drains in plane-strain and correcting for 3D effects. 

 Modelling the soil mass with a vertical permeability equivalent to that treated with wick drains ( CUR 191).  

 Modelling the soil mass with a horizontal permeability equivalent to that treated with wick drains, after 
CUR 191, Indraratna (2000) and other works by the same author.  

Modelling of individual drains is time consuming.  In the authors’ experience, reasonable results have been yielded 
more efficiently using the equivalent vertical and horizontal permeability approaches set out above. 

5.3     RIGID INCLUSIONS 
Box culvert structures for the case study project were considered to be structural elements with strict settlement 
criteria.  After a period of ground treatment options assessment the client required that culvert extensions be 
supported on piles embedded beneath the soft soil deposits in  deeper stiffer/denser materials.  Piles typically 
comprised 0.6 m diameter CFA piles on a 2.4 m centre-to-centre grid. In addition to vertical loading from the box 
culverts, the piles needed to be designed to resist bending moments and shear forces due to lateral displacements in 
the soft soils underlying adjacent non-pile supported embankments.   

One method to estimate bending moments and shear forces in the piles invovles modelling pile rows in 2D plane-
strain finite element analysis (e.g. PLAXIS) using plate elements. Pile properties are ‘smeared’ in the out-of-plane 
direction based on the pile spacing, and thus each row of piles is effectively analysed as a ‘wall’.  This method has 
the clear drawback of not allowing for 3D effects assoicated with soil continuity between piles. Plate elements in 2D 
models completely separate the soil at both sides of the element. This may be an appropriate simplification when 
piles have a small out-of-plane spacing compared to the pile diameter (e.g. spacing-to-diameter ratio < 2 to 3). 
However, for piles with a larger spacing-to-diameter ratios, and particularly in soft soil deposits where soil can more 
readily ‘flow’ between, and independent from the pile,  such a method does not accurately resemble pile-soil 
interaction. The outcome is that bending moments and shear forces in the pile may be overestimated. 

The selected design method adopted for the project allows for 3D effects associated with soil flow around the piles 
by first calculating the 2D free-field soil displacement below the culverts (i.e. without piles) in a plane-strain finite 
element PLAXIS analysis. The soil displacements are then input into the program PYGMY, which analyses the 
behaviour of single piles under general lateral loading. In this case, the user applies soil displacement and peak soil 
pressure to the pile. Soil resistance is represented by p-y springs. To perform analysis of pile groups, different 
multiplying factors (termed p multipliers) are applied depending on the individual piles position relative to the group 
(e.g. leading pile, trailing pile, side-by-side pile, etc.). The p-multipliers are based on the research of Dunnavant and 
O’Neill (1986) and O’Neill et al. (1990).  

The two-stage process of using PLAXIS and PYGMY results in estimated bending moments and shear forces which 
are in general less than the method using plate elements in PLAXIS alone. It is noted that PLAXIS 2D (2012) 
includes a relatively new material model called ‘embedded pile row’ which is intended to improve the modelling of 
pile-soil interaction of a row of piles in the out-of –plane direction, which was not utiltised in this design.  A 3D 
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approach, for instance using 3D PLAXIS, can also be adopted to overcome the above issue by allowing soil flow 
around the piles, but 3D models are more time consuming to build and compute and are mostly considered for 
detailed design on complex projects.  

6  ANALYSIS RESULTS 
Preliminary settlement analysis in the vicinity of the proposed culvert extension indicated that 2 m surcharge (in 
addition to preload) would be required for a period of 9 months to meet the settlement criteria. Construction 
considerations in this area mandated that staging comprised placement of a 0.7 m working platform, pile 
construction and wick drain installation on both sides of the culvert, immediately followed by placement of the 
preload and surcharge.  A PLAXIS model (Figure 7) was developed to assess: a) internal forces of piles induced by 
lateral displacement of soft soils underlying adjacent non-pile supported embankments, and b) post construction total 
and differential settlements. Another model was also developed at a transverse direction to assess potential impact 
on the existing embankment, and to assess the stability of the new embankment and filling rates, which is not 
presented in this paper.  

 
Figure 7: PLAXIS geotechnical model. 

 

Initial analyses indicated that the outer row of piles were likely to experience un-factored bending moments of 
460 kN.m for 0.6 m diameter piles, which were greater than the design limit.  As a result one of the recommended 
options was that one outer row of ‘shielding’ piles be installed.  The shielding piles were to be installed beyond the 
edge of the culvert at the same spacing as the main culvert piles (i.e. 2.4 m c/c spacing), and be provided with a 
minimum 2.5 m wide top slab (beyond the edge of the culvert) to support the overlying soil and traffic loads.   

The shielding piles would provide settlement reduction as well as some protection from lateral soil movements to the 
piles supporting the culverts.  In this sense they were considered ground improvement, and did not require design in 
strict accordance with AS 2159. The piles could therefore carry higher structural stresses and lower factors on 
geotechnical strength.  It was also considered prudent to design a joint detail into the connection between the culvert 
base slab and the slab over the shielding piles, to allow some rotation while transferring horizontal loads (a pin 
connection). 

Further to Section 5.3, this analysis utilised PYGMY to calculate pile internal forces using 2D free-field soil 
displacement. Figure 8a shows a comparison between free-field soil lateral displacements, and pile displacements 
predicted by PLAXIS and PYGMY. The bending moment diagram of outer piles (at the edge of the culvert), with 
pinned head, estimated by PYGMY has also been compared with those estimated by PLAXIS in Figure 8b. As 
shown in this figure, the corrected pile bending moments, estimated by PYGMY, are over 20% less than those 
predicted by PLAXIS for this case where piles have 4d (i.e. 2.4 m) spacing (d is pile diameter). This reduction of 
pile bending moment due to 2D to 3D correction would increase to a certain threshold value when the pile spacing 
increases. It is anticipated that the reduction would be negligible when the pile spacing is 3d or less (Carder and 
Easton, 2001). 
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(a) (b) 

Figure 8: (a) Lateral soil and outer pile displacements, (b) PYGMY vs PLAXIS pile bending moment diagram (600 
mm dia. piles with 2.4 m c/c spacing). 

 

7  CONCLUSIONS 
Embankment construction or widening over soft ground presents several geotechnical design challenges including 
stability and settlement. This paper provided a critical literature review of the current approaches to characterise soft 
soils and select key design parameters. The advantages and limitations of the major laboratory and in-situ field tests 
were discussed, as follows:  

 Different field and laboratory test methods may be used to determine undrained shear strength including 
CPT, field vane shear, DMT and laboratory triaxial or direct shear testing. The undrained shear strength 
profile could be assessed using undrained shear strength ratio according to Ladd (1991) to assess the 
undrained shear strength profile.  

 The test program and types of testing selected as part of site characterisation would depend on the level of 
project sophistication and importance and recommendations were provided in this regard. 

 Assessment of overconsolidation ratio is generally made through interpretation of 1D laboratory 
consolidation tests. However estimates of OCR can also be obtained from field vane, CPT and DMT, 
although in these cases, correlations usually need site-specific data. 

 Compression indices are assessed from interpretation of 1D laboratory consolidation tests. A number of 
empirical correlations have also been presented which provide an easy and inexpensive alternative method 
based on which the scope of the geotechnical laboratory program can be reduced to confirmatory 
investigation of the consolidation properties. 
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 The constant ccc /  concept introduced by Mesri and Godlewski (1977) defines secondary compression 
behaviour of any soil. Site specific values should be determined by selection of ccc /  pairs, selected for the 
same time, effictive stress and void ratio. 

 Coefficients of consolidation are usually determined using laboratory 1D-consolidation tests. However, 
interpretation of CPTu and DMT dissipation tests could also be used to determine hC and/or vC . It is 
highlighted that the laboratory value of vC is usually found to be less than the value measured in the field. 
Even the best estimates of coefficients of consolidation from high-quality laboratory tests could result in 
estimation of the rate of consolidation settlement with an order of magnitude difference from observed 
values in the field. 

Furthermore, recommendations were provided for site investigations mainly emphasizing on: 

 Inclusion of variety of laboratory and field tests within the program, and to undertake different types of 
tests at a few locations in vicinity of each other and at the same depth. This is to facilitate establishment of 
site-specific correlation factors, as discussed in this paper.  

 Quality of test results which could be affected by the test procedures, calibration of test equipment and 
operators skills. 

Finally material models of 2D-PLAXIS and their limitations were discussed. Some methods were proposed for 
correct calibration of the models to obtain reasonable results. Different approaches in numerical modelling of wick 
drains were presented, and some of the drawbacks of modelling rigid inclusions or piles using 2D-PLXIS were 
highlighted and recommendations were provided to overcome such issues. 

 

8  REFERENCES 
Baligh, M. M. Undrained deep penetration, I: Shear stresses. Géotechnique, 1986a, 36(4): p. 471-485. 
Baligh, M. M. Undrained deep penetration, II: Pore pressures. Géotechnique, 1986b, 36(4): p. 487-501. 
Bjerrum, L. Embankments on soft ground: SOA Report, Proc. Speciality Conference on Performance of Earth and 

Earth-Supported Structures, ASCE, 1972, 2: p. 1-54. 
Bjerrum, L. Problems of soil mechanics & construction on soft clays. Proceedings, 8th International Conference on 

Soil Mechanics & Foundation Engineering, 1973, Vol. 3, Session 4, Moscow: p. 111-159. 
Boone, S.J. A critical reappraisal of “preconsolidation pressure” interpretations using the oedemeter test. Canadian 

Geotechnical Journal 2010, 47: p. 281-296. 
Carder, D. R. and Easton, M. R.,  Analysis of performance of spaced piles to stabilise embankment and cutting 

slopes. TRL Report TRL493, 2001, Crowthorne: TRL Limited. 

Casagrande, A. The determination of the pre-consolidation load and its practical significance. Proc. 1st Int. 
Conference on Soil Mech. and Found. Engrg., Cambridge, Mass.,1936, 3: p. 60-64. 

Chai, J., Sheng, D., Carter, J. P. and Zhu, H. Coefficient of consolidation from non-standard piezocone dissipation 
curve, Computers and Geotechnics, 2012, 41: p. 13–22. 

Chander, R.J. The in-situ measurement of the undrained shear strength of clays using the filed vane. Vane Shear 
Strength Testing in Soils: Filed and Lab Studies, STP 1014, ASTM, West Conshohocken, PA, 1988: p.13-
44. 

CUR 191 (1997), Achtergronden bij numerieke modelling van geotechnische constructies, deel 2. Stiching CUR, 
Gouda. 

Dunnavant, T. W. and O’Neill, M. W.Evaluation of design oriented methods for analysis of vertical pile groups 
subjected to lateral load, Numerical Methods in Offshore Piling, Institute Francais du Petrole, Laboratoire 
Central de Ponts et Chausses, 1986: p. 303-316 

Engineering and Design- Settlement Analysis, Department of the Army U.S. Army Corps of Engineers, 1990, 
Engineer Manual No. 1110-1-1904 

Finno, R.J. Analytical interpretation of dilatometer penetration through saturated cohesive soils. Géotechnique, 
1993, 43(2): p. 241-254 

Fox, P., J., Tuncer, B. E., and Li-Tus, L, Cα/Cc concept applied to compression of peat, Journal of Geotechnical 
Engineering, 1992, ASCE, 118 (8): p. 1256-1263 

Hough, B. K., Basic Soil Engineering, The Ronald Press Co., New York, N. Y., 1957: p. 114-115. 
Houlsby G. T., Teh C. I., Analysis of the piezocone in clay, Proc. of the International Symposium on Penetration 

Testing, ISOPT-1, Orlando, 2, Balkema Pub., Rotterdam, 1988: p. 777–83. 

http://www-scopus-com.ezproxy2.library.usyd.edu.au/authid/detail.url?authorId=7004011710&amp;eid=2-s2.0-0027428191


DESIGN CHALLENGES OF ROAD WIDENING IN SOFT GROUNDS: CHARACTERISATION TO NUMERICAL 
ANALYSIS                                                                     ZARGARBASHI et al. 

168                             Australian Geomechanics Society Symposium (Sydney Chapter) November 2014 

Indraratna, B., and Redana, I.W. (2000). Numerical modelling of vertical drains and well resistance installed in soft 
clay.  Can. Geot. J., 37(1): p. 132-145. 

Jamiolkowski, M., Ladd, C. C., Germaine, J. T., and Lancellotta, R, New development in field and laboratory testing 
of soils: Theme Lecture 2. Proc. 11th International Conference on Soil Mechanics and Foundation 
Engineering. 1985, San Francisco, 1: p. 57-153. 

Kamei T. and Iwasaki K. Evaluation of undrained shear strength of cohesive soils using a flat dilatometer, Japanese 
Society of Soil Mechanics and Foundation Engineering, Soils and Foundations, 1995, 35 (2): p. 1-13  

Koppula, S. D. Statistical estimation of compression index, ASTM Geotchnical Testing Journal, 1981, 4 (2): p. 68-
73. 

Koppula, S.D. Dicussion: consolidation parameters derived from index tests. Géotechnique,1986, 36(2): p. 68-78. 
Ladd, C. C , and Foott, R. New design procedure for stability of soft clays. Journal of Geotechnical Engineering, ASCE, 1974, 
100(7), ): p.763-786. 
Ladd, C. C, Stability Evaluation During Staged Construction. Journal of Geotechnical Engineering, 1991. 117(4): 

p. 540-615. 
Ladd, C.C., and DeGroot, D.J. (2003). Recommended Practice for Soft Ground Site Characterisation – Arthur 

Casagrande Lecture.  Proc. 12th Pan-American Conf. on Soil Mech. And Geot. Engr., Massachusetts 
Institute of Technology, MA, USA.  

Ladd,C.C, Foott,R., Ishihara,K., Schlosser, F., and Poulos, H.G. Stress-deformation and strength characteristics: 
SOA report. Proc.9th Int. Conference on Soil Mech. And Found. Engrg., 1977, 2: p. 421-494. 

Larsson, R. Undrained shear strength in stability calculation of embankments & foundations on clays. Canadian 
Geotechnical Journal, 1980, 17 (4): p. 591-602. 

Marchetti, S. In-situ tests by flat dilatometer. J. Geotech. Eng., 1980, 106 (3): p. 299–321. 
Marchetti, S., and Totani, G. Ch evauations from DMTA dissipation curves, Proceeding of XII International 

Conference on Soil Mechanics and Foundation Engineering, Rio de Janeiro, 1989, 1: p. 281-286. 
Mayne, P. W., and Martin, G. K. Commentary on Marchetti flat dilatometer correlations in soils. Geotech. Test. J., 

1998 21(3): p. 222–239. 
Mesri G. and Vardhanabhuti. Secondary compression. Journal of Geotechnical and Geoenvironmental Engineering, 

ASCE, 2005, 131(3): p. 398-401. 
Mesri, G. and Godlewski, P. M. Time- and Stress-Compressibility Interrelationship. Journal of the Geotechnical 

Engineering Division, ASCE, 1977, 103: p. 417-430.  
Mesri, G., and Castro, A. Ca/Cc concept and K0 during secondary compression. J. Geotech. Engrg., ASCE, 1987, 

113(3): p. 230-247. 
Mesri, G., and Choi, A. M., Settlement Analysis of Embankments on Soft Clays, J. Geotech. Engrg., ASCE, 1985, 

111(4): p. 441-464. 
Navy, U. S., Soil Mechanics, Foundations and Earth Structures, NAVFAC Design Manual DM- 7, Washington, 

D.C., 1971.  
Nishida,Y. A brief note on compression index of soils, Journal of Soil Mechanics and Foundations Division, ASCE, 

1956, 82(3): p. 1027-1-1027-14. 
O’Neill, M. W., Reese, L. C. and Cox, W. R. Soil behaviour for piles under lateral loading, Proceedings 22nd 
Annual Offshore Technology Conference, Houston, OTC 6377, 1990: p. 279-287 

Rendon-Herrero,  O.  Universal Compression  Index  Equation,  Journal  of Geotechnical  Engineering  Division, 
ASCE, GT11, 1980: p.1179-1199. 

Robertson P. K., Sully J. P., Woeller D. J., Lunne T., Powell J. J. M., Gillespie D. G. Estimating coefficient of 
consolidation from piezocone tests, Canadian Geotechnical Journal, 1992, 29: p. 539–550. 

Robertson P.K. CPT-DMT Correlations, Journal of Geotechnical and Geoenvironmental Engineering, 2009a, 135: 
p.1762-1771. 

Robertson P.K. Interpretation of cone penetration tests- a unified approach, Canadian Geotechnical Journal, 2009b, 
46: p.1337-1355. 

Sabatini P. J. , Bachus R. C. , Mayne P. W. , Schneider J. A. , Zettler T. E. Evaluation of soil and rock properties, 
Federal Highway Administration of the US, Report No. FHWA-IF-02-034, 2002. 

Schmertmann, J. H.  Suggested method for performing the flat dilatometer test. Geotech. Testing J., ASTM, 1986,  
9(2): p. 93-101. 

Schmertmann, J. H.  The mechanical aging of soils. Journal of Geotechnical Engineering, ASCE, 1991, 117(9): 
p. 1288-1330. 

Schmertmann, J. H. The undisturbed consolidation of clay. Trans., ASCE,1955, 120: p.1201-1233. 
Schmetrmann, J.H., Guidelines for using the CPT, CPTu and Marchetti DMT for geotechnical design- Vol. 3- DMT 

Test Methods. Report No. FHWA-PA-87-024+84-24 to PennDOT, and Data Reduction, 1988 
Skempton,  A.W.  Notes  on  the Compressibility of Clays, Quarterly Journal of Geological Society of London, 1944, 

100: p. 119-135. 

http://geotechpedia.com/Publication/Author/876/Sabatini-P--J-
http://geotechpedia.com/Publication/Author/879/Bachus-R--C-
http://geotechpedia.com/Publication/Author/881/Mayne-P--W-
http://geotechpedia.com/Publication/Author/882/Schneider-J--A-
http://geotechpedia.com/Publication/Author/883/Zettler-T--E-


DESIGN CHALLENGES OF ROAD WIDENING IN SOFT GROUNDS: CHARACTERISATION TO NUMERICAL ANALYSIS
                                                                     S. ZARGARBASHI et al. 

 Australian Geomechanics Society Symposium (Sydney Chapter) November 2014                                     169 

Sully P. J., Robertson P. K., Campanella R. G., Woeller D. J., An approach to evaluation of field CPTU dissipation 
data in overconsolidated fine-grained soils, Canadian Geotechnical Journal, 1999, 36: p. 369–381. 

Teh C. I., Houlsby G. T., An analytical study of the cone penetration test in clay, Géotechnique, 1991, 41: p. 17–34. 
Teh, C.I. An analytical study of the cone penetration test. D.Phil. Thesis, Oxford University, UK. 
Terzaghi,  K.  and  Peck,  R.B.  Soil Mechanics  in  Engineering  Practice,  John Wiley & Sons Inc. New York, 

1967. 
U.S. Army Corps of Engineers, Engineering and Design- Settlement analysis, Engineering Manual EM 1110-1-190, 

1990. 
Waterman, D., Broere, W., Application of the SSC model - Part I, 2004, PLAXIS Bulletin. 
Wong, P. K., Preload Design, Part 1 –Review of Soil Compressibility Behaviour in Relation to the Design of 

Preloads, Australian Geomechnics Society Sydney Chapter 2006a Symposium: p. 23-32. 
Wong, P. K., Preload Design, Part 2 – An Analytical Method Based on Bjerrum’s time line principal and 

comparison with other design methods, Australian Geomechnics Society Sydney Chapter 2006b 
Symposium: p. 33-42. 

Yeung, A.T. Design Curves for Prefabricated Vertical Drains, Journal of Geotechnical and Geoenvironmental 
Engineering, August, 1997: p. 755 – 759. 

 


