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ABSTRACT: Sites comprising soft clay deposits, uncontrolled fill and waste materials are prone to long term settlements and there 
could be considerable uncertainty about the magnitude and timing of the long term settlement. This paper presents the settlement 
assessment of a site where both waste materials and soft clays were present. Instrumented embankments were constructed in two 
areas of the site to assess the settlement behaviour of different parts of the site and to provide measures to reduce the risks associated 
with settlement. The instrumentation included settlement plates and magnetic extensometers. This paper describes the subsurface 
conditions encountered at the site, details of the instrumented trial embankments, assessment of the monitoring results and the risk 
reduction measures. 

RÉSUMÉ : Les sites qui comprennent des argiles molles, des remblais d’origine diverse et des déchets ont une plus grande 
susceptibilité aux tassements sur le long terme. Ceci implique que ce type de site peut être sujet à des incertitudes considérables en 
termes de l’ampleur et du facteur temps avec lesquels les tassements se produisent. Ce papier présente une étude des tassements d’un 
site en présence de déchets et d’argiles molles. Des retenues de terre ont été construites avec des instruments de mesure afin d’étudier 
l’evolution des tassements dans différentes parties du site de manière à développer des mesures de reduction des risques qui leur sont 
liés. Le dispositif a inclu des essais à la plaque et des extensomètres magnétiques. Ce papier décrit les conditions souterraines du site, 
une description du dispositif expérimental ainsi qu’une évaluation des résultats et des mesures de reduction des risques. 
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1  INTRODUCTION 

A site comprised of soft clay deposits and waste fill was 
considered for development. The proposed development 
required a detailed assessment of long term total differential 
settlements. Historical activities at the site included sand mining 
and associated dewatering and hence there was considerable 
uncertainty with regard to assessment of the settlements.  

The natural soils at the site comprise about 8 m of loose to 
medium dense sands, locally known as Port Melbourne Sand 
(PMS), underlain by about 15 m of soft to firm silty clay, 
locally known as Coode Island Silt (CIS), underlain by stiff to 
very stiff clays and medium dense to very dense sands and 
gravels, locally known as Fishermens Bend Silt (FBS) and 
Moray Street Gravel (MSG) respectively. The groundwater 
table is at about 2 m to 3 m depth below the ground surface (i.e. 
at about, RL 0 to 0.5 m, reduced level, AHD-Australian Height 
Datum). 

A summary of the historical activities at the site is presented 
below:  

 Prior to 1950, the site was generally vacant, 
comprising beach dunes and low lying swamp land. 
Ground surface level at that time was inferred to 
have been about RL 1 m, AHD.  

 Mining of the upper sand deposits (PMS) was 
carried out for about 20 years at a part of the site 
over a plan area of about 9 hectares to about RL -7 
m, AHD. Aerial photographs during this period 
show the base of the excavation floor to be dry, 
indicating that the groundwater table at the site 
may have been lowered by up to 7.0 m.  

 The mine pit was then operated as a landfill for 
about 10 years and filled with variable fill 
including domestic and building waste.  

 The waste fill was re-levelled after about 7 years 
and the entire site was capped with a compacted 
capping fill layer of nominal 600 mm thickness. 
The finished surface level following placement of 

the capping layer was between +2.5 m and +2.8 m 
AHD.  

 
Because of the uncertainties associated with the dewatering 

that occurred at the site during sand mining and the highly 
variable nature of the waste fill, two instrumented trial 
embankments were constructed at the site to assess the potential 
total and differential settlements in different parts of the site. 
Trial Embankment 1 (TE1) was constructed in the area outside 
the waste fill and Trial Embankment 2 (TE2) was constructed in 
the deepest part of the waste fill area.  

The subsurface conditions encountered at the trial 
embankment locations, details of the instrumented trial 
embankments, assessment of the monitoring results and the risk 
reduction measures are presented in this paper.  

 
2  DETAILS OF TRIAL EMBANKMENTS 

The trial embankments were 3 m in height, had plan dimensions 
of 20 m by 20 m at the top with 2H:1V side batters. Five 
settlement plates (four near the corners and one at the centre) 
and a magnetic extensometer near the centre with 6 target 
magnets were installed in each trial embankment. Figures 1a 
and 1b show cross sections with the details of the instruments 
and the subsurface conditions at each trial embankment location.  

The trial embankment fill was not placed to an engineering 
specification with regard to compaction. Field density test 
results in the fill indicate an average total unit weight of about 
19 kN/m3. 
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Figure 1a. Details and subsurface conditions of trial embankment (TE1) 

in un-quarried area. 

Figure 1b. Details 
and subsurface 
conditions of trial 
embankment (TE2) 
in quarried waste 

fill area. 

 
3  PROPERTIES AND CHARACTERISTICS OF CIS AND 

WASTE 

The settlement in a clay deposit due to additional loading 
imposed can be assessed using the following equation.  
 

S = 
	 log 


	 	 log  	 


  (1) 

In equation (1), S is the settlement, H is the thickness of the 
clay deposit, Cr is the recompression index, Cc is the 
compression index, e0 is the current void ratio, 0 is the current 
vertical effective stress, c is the effective preconsolidation 
stress and  is the additional applied vertical effective stress 
above the preconsolidation stress. 

Srithar 2010 presented a detailed assessment of the 
settlement characteristics of the CIS deposit, including typical 
material properties. With regard to assessment of settlement in 
the CIS deposit at the site, one of the key parameters was the 
preconsolidation stress. At the project site this was influenced 
by the mining of the PMS and the associated dewatering. One 
of the other key parameters was the unit weight of the waste fill, 
which defines the current vertical effective stress in the CIS in 
the area of the waste fill. These are discussed further below. 

3 .1  Preconsolidation stress in CIS 

A cone penetration test (CPT) was carried out at the site of TE1, 
which is outside the waste fill area. A CPT was also attempted 
at the site of TE2, but encountered refusal in the waste. An 
assessment of the preconsolidation stress was carried out based 
on the correlations between CPT tip resistance and undrained 
shear strength, and then undrained shear strength and 

preconsolidation stress as discussed in various papers (Olson 
1998, Ladd and DeGroot 2003 and Srithar 2010). The following 
equation presented in Srithar 2010 was used to estimate the 
preconsolidation stress.   

 

 	 .     (2) 

In equation (2), Qc is the CPT tip resistance and 0 is the 

current total effective stress. Plots of CPT results (tip resistance 

and friction ratio) and the estimated current vertical effective 

stress and preconsolidation stress with depth are shown on 

Figure 2. The preconsolidation stress was estimated to be about 

70 kPa to 120 kPa higher than the current vertical effective 

stress within most of the CIS deposit. This is consistent with 

inferred preconsolidation stress due to about 7 m of drawdown 

during historic sand mining operations. 

 
Figure 2. Cone tip resistance and estimated preconsolidation stress.  

3 .2  Waste 

The waste material at the site was inferred to be highly variable 
and to comprise spoil from construction sites, ash from 
incinerator operations and general waste including oils, metals, 
domestic waste, dredge spoil and putrescible waste. 

Zekkos et al. 2006 presented a comprehensive assessment of 
the available data in the literature on the unit weight of 
municipal solid waste. There was a significant scatter in the 
data and the unit weight of waste was indicated to vary based 
on its composition, waste placement practices such as 
compaction and soil cover, and the depth of waste. Unit weight 
profiles recommended by Zekkos et al. 2006 for various 
compaction effort and soil cover is shown in Figure 3. 

 

Figure 3. Recommended unit weight profiles for conventional 
municipal solid waste (Source: Zekkos et al. 2006). 
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The total unit weight of the waste at the site was inferred to 
be about 12 kN/m3 based on the analysis of observed settlement 
in the CIS deposit, which is discussed later in this paper. A total 
unit weight of 12 kN/m3 is also considered to be reasonable 
based on the recommended unit weight profiles shown on 
Figure 3. 
 
4  SETTLEMENT MONITORING RESULTS 

The surface settlements measured by the settlement plates in the 
trial embankments are presented in Figures 4a and 4b. The 
measured settlements in the magnetic targets in the 
extensometers are presented in Figures 5a and 5b. A summary 
of the observed settlements at the centre of the trial 
embankments, where settlement plate SP5 and the magnetic 
extensometer are located, is presented in Table 1. It should be 
noted that the accuracy of the magnetic extensometer readings 
is about ±5 mm. The accuracy of the settlement plate readings 
is about ±1 mm.  

 
Figure 4a. Measured settlements in settlement plates (TE1). 

Figure 4b. Measured settlements in settlement plates (TE2). 

Figure 5a. Measured settlements in magnetic targets (TE1). 

Figure 5b. Measured settlements in magnetic targets (TE2). 

Table 1. Summary of settlement monitoring results at the centre of trial 
embankments. 

Settlement 
component 

Basis (refer to Figures 
4 and 5 for details) 

TE1 TE2 

Settlement in the 
fill layer 

Settlement between 
M1 and SP5 

80 mm 3 mm 

Settlement in the 
PMS layer 

Settlement between 
M3 and M1 16mm 

Not 
Present 

Settlement in the 
waste layer 

Settlement between 
magnets M3 and M1  

Not 
Present 60 mm 

Settlement in the 
CIS layer 

Settlement between 
M6 and M3 

15 mm 58 mm 

 
Some of the key observations of settlements and 

explanations for the observed settlement behaviour are 
presented below: 

Settlement in the fill layer - 80 mm in TE1 compared to 3 
mm in TE2: The fill at TE2 comprises a 1.3 m thick capping fill 
only, which is inferred to be compacted. The fill at TE1 is about 
3.6 m thick and includes old fill. Loss of grout was observed 
during construction of the magnetic extensometer at TE1, which 
is inferred to be due to the porous nature (i.e. loose fill with 
high void ratio) of the older fill. A SPT N value of 0 was also 
observed in the older fill. Considering the difference in the 
settlements observed at the settlement plates at the corners (SP1 
to SP4) and at the centre (SP5) in TE1, it is inferred that the 
presence of loose older fill is likely to be more localised near 
the centre of TE1. If the fill had some compaction, the 
settlement in the old fill could have been considerably less and 
could be about 30 mm based on the settlements observed at the 
settlement plates at the corners.  

Settlement in the CIS layer - 15 mm in TE1 compared to 58 
mm in TE2: The load applied by the trial embankments at both 
locations is similar. The thickness of the CIS layer is also 
similar. However, there is considerable difference in the 
settlement within the CIS layer at TE1 and TE 2. The CIS layer 
in both trial embankment areas is assessed to be over-
consolidated due to sand mining and the associated lowering of 
the groundwater table. Based on the moisture contents of the 
CIS, which varied from about 50% to 78%, and the correlations 
presented in Srithar 2010, an average re-compression index of 
about 0.07 is considered to be reasonable for the CIS at both 
locations. However, the current effective stress in the CIS layer 
at TE2 is assessed to be lower due to the lower unit weight of 
the waste materials (i.e. about 12 kN/m3). The higher settlement 
in the CIS observed in TE2 is assessed to be due to the higher 
ratio of the applied embankment load with respect to the current 
effective stress and lesser spreading of the embankment load 
through the waste layer.  

The results from the extensometers also indicate that the 
settlement in all the layers, except the CIS layer was virtually 
complete in about 3.5 months. About 90% of the settlement in 
the waste layer occurred within about one month. About 60% of 
settlement in the CIS layer due to re-loading is assessed to have 
occurred over the monitoring period of 4 months. It is also 
assessed that 95% of the settlement in the CIS due to re-loading 
would occur in about 1.5 years and 100% of the settlement 
would occur in about 3 years.  

Based on the observed settlements over about 4 months, the 
predicted long term settlements at the top of the CIS layer (i.e. 
Magnet M3) and at the surface (i.e. Magnet M1) at the trial 
embankment sites are shown in Figures 6 and 7. 
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Figure 6. Measured and predicted settlements (TE1). 

Figure 7. Measured and predicted settlements (TE2). 

5  DISCUSSION 

The magnitude of the observed settlements in the CIS layer in 
the areas of TE1 and TE2 and the CPT results confirm that the 
CIS is overconsolidated due to dewatering during past sand 
mining operations. These results also confirmed that the effect 
of dewatering extended well beyond the sand mining area. 

The higher settlement in the CIS observed in TE2 compared 
TE1 is assessed to be due to lower unit weight of the waste 
materials and lesser spreading of the embankment load through 
the waste layer. The results from magnetic extensometer 
provided information on the settlement behaviour of the waste 
materials. Based on the results observed, the constrained 
modulus of the waste fill was assessed to be about 7 MPa. 

The four settlement plates located near the corners of the 
trial embankments provided an indication of the potential 
differential settlements at the trial embankment locations. The 
loads imposed by the trial embankments at the settlement plates 
near the corners are similar and hence the differences in the 
settlement observed at these settlement plates can be considered 
to be due to local variations in the subsurface soils. In TE1, the 
maximum difference in the settlements was about 34% of the 
maximum settlement measured in the settlement plates at the 
corners. In TE2, the maximum difference in the settlements was 
about 40% of the maximum settlement measured in the 
settlement plates at the corners.  

6  RISK REDUCTION MEASURES 

The monitoring results indicated that the older fill in the area 
(i.e. outside the waste fill area) could be variable, which can 
result in higher settlement of localised areas. Compacting the 
existing older fill and waste fill to a depth of 2.5 m to 3 m 
would reduce potentially higher settlements in localised areas 
and differential settlement. Hence, impact roller compaction 

with a suitable heavy impact roller was recommended for the 
entire site as one of the risk reduction measures.  

The future applied load due to proposed development of the 
area is expected to be less than 30 kPa. Based on the monitoring 
results from the trial embankments and assuming the area will 
be subject to impact roller compaction, the predicted 
settlements and differential settlement in the areas of the waste 
fill and outside the waste fill are summarised in Table 2.  

The historical creep measurements on sites with CIS 
deposits in Melbourne suggest that the rate of creep settlement 
varies from about 5 mm to 10 mm per year depending on the 
thickness of the CIS (Srithar, 2010). The field evidence also 
indicates no apparent reduction in the rate of creep settlement 
over periods up to 50 years. Based on these, the creep 
settlement in the CIS at the site over a 25 year period is 
estimated to be about 180 mm.  

The long term creep settlement in the waste fill is difficult to 
estimate, as it will depend on the composition of the waste 
materials, degradation of some of the material and the 
associated change in structure (i.e. localised compression, fines 
migration etc.). It is noted that the waste fill at the site is at least 
30 years old. Based on some published information (Walker and 
Kurzeme, 1984; Watts et al., 2006) and local experience on 
settlement inferred from aerial survey of a few closed landfills, 
it is assessed the creep settlement in the waste fill at the site 
over a 25 year period could be about 1% of the waste thickness 
(i.e. about 70 mm). The settlement estimates presented in Table 
2 include the estimates of long term creep settlement in the CIS 
deposit and the waste. 

 
Table 2. Summary of predicted settlement for 30 kPa applied load. 

Settlement estimate 
Waste fill  
area 

Un-quarried 
area 

Settlement in 6 months after 
applied load 

80 mm 40 mm 

Settlement in 3 years after 
applied load 100 mm 50 mm 

Potential differential settlement 
in 3 years 

50 mm over 
20 m 

20 mm over 
20 m 

Settlement in 25 years 
(including potential creep 
settlement in CIS and waste) 

350 mm 230 mm 

 
If the total and differential settlements listed in Table 2 are 

not acceptable for the proposed development/use of the site, 
preloading was recommended to reduce the magnitude of 
settlements. 
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