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ABSTRACT
This paper documents a case history of preloading design for an on-going project – Hunter
Expressway Alliance. It involves a 5-6m high embankment on compressible ground up to 16m depth.
To meet the stringent requirements on post-construction settlements, staged preloading with wick
drains and surcharge was proposed. Boreholes with SPTs, field vane shear tests, CPTU, DMT and
laboratory index and oedometer tests have been undertaken to define the distribution and engineering
properties of the compressible clays. 2-D finite element analysis using Plaxis Soft Soil Creep model
was conducted to predict the primary consolidation and creep settlement over time. The predicted
settlement and time rate were compared with the actual ground behaviour. Back analyses using
refined parameters were also carried out to match the actual settlements with time.
Keywords: soft ground, staged preloading, FEM, SSC, instrumentation and monitoring
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INTRODUCTION

The Hunter Expressway is new four-lane dual carriageway that connects F3 interchange at Newcastle
Link Road and the New England Highway at Branxton. The 40 kilometre Hunter Expressway is being
constructed under two contracts. The eastern section (F3 Freeway to Kurri Kurri, about 13km long) is
being built under an alliance contract – Hunter Expressway Alliance with Roads and Maritime
Services (replacing Roads and Traffic Authority), Thiess Pty Ltd, Parsons Brinckerhoff and Hyder
Consulting, and the western section (Kurri Kurri to Branxton) under a design and construct contract
with Abigroup Contractors Pty Ltd. Figure 1 shows the route of the Hunter Expressway.
The expressway passes over Buchanan Swamp near Buchanan Interchange. Fill embankments up to
6m high were proposed at this area. Three soft ground areas were identified during the design stage:
Fill 1B, Fill 17C and Fill 18 as shown in Figure 2. Soft compressible grounds are normally
characterised by low strength, high compressibility and low permeability, thus long time to
consolidate. Soft grounds must be treated in order to limit post-construction settlements and maintain
short term and long term slope stability.
In order to limit post-construction settlements, stringent design criteria were established: a maximum
total settlement of 100 mm in 40 years following the construction of pavement; a longitudinal change
of grade not greater than 0.3% and a transverse change of grade not greater than 1% at the
pavement surface over 40 years. A minimum factor of safety of 1.3 and 1.5 was adopted for the
embankment slope stability during construction and in the long term, respectively.
To meet the above design requirements and fit in the overall construction schedule, staged preloading
technique was adopted for these soft ground embankment sites. Preloading with 1.0m surcharge was
adopted for Fill 17B and Fill 17C, where the compressible ground is relatively stiff and its thickness
relatively small. Preloading with 2.0m surcharge and wick drains at 1.5m spacing was adopted for Fill
18 where the compressible ground is relatively soft and its thickness relatively large. To verify design
assumption and control temporary slope stability, settlement plates, settlement markers, piezometers,
inclinometers were installed at selected critical chainages; subsequent monitoring work followed the
embankment construction.
Fill 17C is sandwiched between two bridges: BW018 and BW019, which were supported on piled
foundations.
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To mitigate the preloading impact on bridge foundations, preloading was done before pile installation.
Fill 17C has been completed. However, construction at Fill 18 and Fill 17B is not on critical path. At
nd
the time of preparing this paper, at Fill 17B preloading work reached the 2 stage with 2.9m fill height;
at Fill 18 wick drains were installed but embankment fill had not started. Thus only Fill 17C and Fill
17B are presented in this paper.

Figure 1: Hunter Expressway plan view

2

Figure 2: plan view of Buchanan Swamp

GROUND PROFILE AND ENGINEERING PROPERTIES

Fill 17B and Fill 17C are underlain by quaternary swamp alluvial material overlying the Wallis Creek
Formation, which consists of laminated sandstone, claystone, siltstone, coal and tuff. Alluvial
materials typically comprise soft to stiff silty clay interbedded with silt and sand that is medium dense
to dense. The thickness of compressible layers varies from 8.0m to 13.0m approximately.
At Fill 17C, four boreholes, two dilatometer (DMT) tests and one piezocone (CPTU) test were
completed. Laboratory index tests and oedometer tests were also conducted. The design ground
profile at Fill 17C was: (1) 1.5m thick medium dense sand; (2) 1.5m thick soft mud; (3) 5.0m thick firm
to stiff clay; (4) 3.5m soft clay; (5) weathered rock. Ground water level is at 2.0m depth.
Finite element analyses were performed to model staged preloading process, in which dissipation of
excess pore pressure and shear strength gain with time within the compressible clays were analysed.
Advanced Soft Soil Creep (SSC) Model using Plaxis software was adopted for soft to firm clay, while
Mohr-Coulomb Model was used for other materials. SSC can model mean effective stress reduction
under undrained shearing and creep settlement which are essential for soft ground problems. Design
parameters were determined based on field test results of SPT, vane shear tests, CPTU, DMT and
laboratory index test and moisture content results and 1-D consolidation test results. The properties of
soft to firm clays and other materials at Fill 17C are shown in Table 1 and 2, respectively.
Table 1: Design parameters of compressible materials at Fill 17C
Permeabil Cu
c’
Soil
Unit
ϕ’
λ*
ity k (m/s) (kPa)
(kPa)
Type
weight
(degre
3
(kN/m )
e)

κ*

µ*
OCR

Soft clay

16

1.0e-8

20

0

25

0.05

0.01

0.002

Firm to
stiff clay

18

1.0e-8

30-60

3

25

0.03

0.006

0.001

1.22.0
2.56.0

Notes: 1. Coefficient of permeability was estimated from formula ch = kEoed/γw, where coefficient of horizontal consolidation ch
was calculated from CPTU pore pressure dissipation test result, constraint modulus Eoed (M in DMT) is from DMT test, γw is the
unit weight of water. 2. λ*, κ* and µ* are Soft Soil Creep Model parameters. λ* = Cc/[2.3(1+e0)], κ*= 2Cr/[2.3(1+e0)], µ* =
Cα/[2.3(1+e0)], Cc,Cr and Cα were determined from oedometer test results. 3. Undrained shear strength Cu is estimated from
field vane shear test, DMT and/or CPTU with Cu = (qc – v0)/Nkt, Nkt = 15-17. 4. Over consolidation ratio OCR (or yield stress
ratio) was estimated from odometer test results, DMT and correlation with CPTU cone resistance using Pc’ = 0.3(qc- v0). 5. c’
was estimated from laboratory triaxial tests and previous experience in similar ground condition.
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Table 2: Design parameters of other materials at Fill 17C
Unit weight Permeability
C’
Soil Type
3
(kN/m )
k (m/s)
(kPa)
Backfill
20
1.0e-6
1
MD sand
20
1.0e-6
1

ϕ’
(degree)
35
35

E’ (kPa)

v'

30000
30000

0.3
0.3

Notes: Young’s modulus and effective friction angle of medium dense sand are determined from DMT test results.

At Fill 17B, two boreholes, two DMT tests and five CPTU tests were completed. Laboratory index
tests, moisture content test and oedometer tests were also conducted. Compared to Fill 17C, Fill 17B
ground is relatively uniform. The design ground profile at Fill 17B was: (1) 1.8m thick medium dense
sand; (2) 1.2m thick soft mud; (3) 11.5m thick firm to stiff clay; (4) 5.5m dense sand; (5) weathered
rock. Ground water level is at 2.0m depth. Parameters for Fill 17B soils are shown in Table 3 and 4.
Table 3: Design parameters of compressible materials at Fill 17B
Soil Type
Unit
Permeab
Cu
c’
ϕ’
weight
ility k
λ*
(kPa)
(kPa)
(degree)
3
(m/s)
(kN/m )
Soft clay
16
1.0e-8
15
0
25
0.082
Firm to
3
25
0.03
18
1.0e-8
30-80
stiff clay
Table 4: Design parameters of other materials at Fill 17B
Unit weight Permeability
c’
Soil Type
3
(kN/m )
k (m/s)
(kPa)
Backfill
20
1.0e-6
1
D sand
21
1.0e-6
1
2.1

ϕ’
(degree)
35
36

κ*

µ*

OCR

0.16

0.003

1.2-1.8

0.006

0.001

3.0-7.0

E’ (kPa)

v'

30000
50000

0.3
0.25

Discussion on soft ground parameters

Compressibility and consolidation parameters are critical for soft ground settlement and time rate
prediction. These parameters include preconsolidation pressure Pc’(or yield stress), compression
ratio CR (=Cc/(1+e0)), recompression ratio RR (=Cr/(1+e0)) and creep strain rate per log time cycle
Cαε (=Cα/(1+e0)), coefficient of consolidation ch and cv. These parameters are normally determined
by oedometer tests. At Fill 17C, oedometer tests were done on three samples (2 with 50mm diameter,
1 with 70mm diameter). At Fill 17B, three oedometer tests were conducted on 50mm diameter
samples. e-logp’ plots indicated that five of the six samples were relatively disturbed. Sample
disturbance normally reduces both Pc’ and CR. However, for this project, it was expected that the
impact of reduction in Pc’ overshadowed that of the reduction in CR for total settlement calculations.
The strain-energy (SE) method as described in Bowles (1996) was adopted for the calculation of Pc’
given that a number of the samples were disturbed prior to testing. Correlations with moisture content
and liquid limit were also used to counter check the design parameters, such as Figure 16.3 of
Terzaghi et al. (1996) and Figure 4 of NAVFAC DM7.01.
3

EMBANKMENT GEOMETRY AND PRELOADING DESIGN

The embankment fill height varied from 4.0 to 7.0m at the two sites, with typical height of
approximately 5.0m. 1m surcharge was proposed to accelerate the consolidation settlement and
reduce the post-construction creep settlement. At fill 17C, batter slopes are typically at 2 Horizontal
(H) in 1 Vertical (V), while at Fill 17B, these are typically at 4 Horizontal (H) in 1 Vertical (V). Figures 3
and 4 show the plan view and cross section of Fill 17C and Fill 17B respectively.
The preloading sequence was as follows: 1. build the first lift up to 3.0m high in 20 days; 2. wait for 30
days; 3. build the second lift up to 6m high including 1.0m surcharge; 4. wait for 60 days; 5. remove
surcharge and construct pavement.
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(a) plan view
(b) cross section
Figure 3: Fill 17C plan view and typical cross section

(a) plan view
(b) cross section
Figure 4: Fill 17B plan view and typical cross section
4

TOTAL SETTLEMENT AND TIME RATE PREDICTION

Two methods were used to estimate the total settlement. In the first method, conventional 1-D
elasticity compression is adopted to calculate the primary consolidation settlement. This 1-D formula
was used: S = Σ[∆ vx∆z/M], where S was the primary consolidation settlement, ∆ v the embankment
load, ∆z 0.2m the typical DMT vertical interval, and M the constraint modulus from DMT. One
prediction was made at Fill 17C while two predictions were made at Fill 17C. The predicted primary
consolidation settlement at Fill 17C and Fill 17B were about 230mm and 120mm respectively. Note
that the latter was for full height of 6m including surcharge; while under current fill height of 2.9m, the
predicted settlement was about 58mm.
The second method was finite element analysis using Plaxis 2-D program. Undrained effective stress
parameters were used for compressible clay layers and drained effective stress parameters were
used for sand layers. Advanced SSC model was adopted to simulate the excess pore pressure
generation and decay with time in clays during loading and consolidation stages. Horizontal ground
movement was determined at first and second lifts for construction safety control on temporary batter
slopes. Slope stability during construction and in the long term was assessed using shear strength
reduction method in Plaxis. As a counter check, limit equilibrium method using Slope/W program was
also carried out to assess the slope stability at first lift and in the long term. The two programs gave
similar FOS on slope stability. The predicted total settlement from Plaxis model was about 350mm at
Fill 17C, 117mm under current height and 250mm under full height at Fill 17B respectively.
The total time to complete primary consolidation was calculated using conventional 1-D consolidation
2
theory: Tv = cvt/D . The estimated preloading construction time was about 3-4 months.
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5

FIELD MONITORING DATA AND BACK ANALYSIS

At Fill 17C and Fill 17B, settlement plates, settlement markers were installed for monitoring the
settlement of selected critical section. Inclinometers were installed at batter toes to monitor the
horizontal ground movements and vibrating wire piezometers were installed in clay to monitor the
pore pressure variation. Figure 5(a) shows actual ground settlement versus numerical analysis.
Asaoka plot in Figure 5(b) indicates that primary consolidation was complete and it was in secondary
settlement stage. Figure 6(a) and 6(b) show Fill 17B settlement plots and Asaoka chart, respectively.
The following observations can be made:
1) At Fill 17C, the predicted total settlement using both conventional 1-D elasticity compression
and numerical methods significantly overestimated the ground settlement; while the time rate
was predicted reasonably well.
2) At Fill 17B, total settlement estimated from 1st method was approximately 80% of the actual
settlement. However, numerical method significant overestimated the actual settlement. The
time estimated from both conventional 1-D consolidation theory and numerical method was
close to actual construction time.
The following reasons may account for the above differences between prediction and actual
behaviour:
1) Fill 17C embankment covered an area of approximately 40m by 60m on plan and included
batters in four directions. This geometry indicated that the embankment induced vertical
st
stress increment reduced with depth while uniform stress increment was assumed in 1
nd
method. In 2 method, 2-D plane strain was assumed while actually it was more a 3-D
problem. The original design parameters for the compressible soils were conservative,
especially the OCR calculated from 1-D consolidation test on disturbed samples. It was found
that OCR obtained from odometer test was generally less than that from DMT and CPTU. The
creep rate was very sensitive to the OCR when initial stress was generated in Plaxis model.
In back analysis, original CR,RR, Cαε were reduced and OCR from DMT results was used.
The settlement prediction from back analysis improved significantly. The time rate was
reasonably predicted, which indicates that the coefficient of permeability was close to the
field. The clays were interbedded with thin layers of sand; these increased the overall
permeability of the clay layers.
2) At Fill 17B, plane strain and 1-D compression was appropriate due to the large ratio of
st
embankment width to the depth of the compressible layer. In the 1 method only primary
consolidation settlement was calculated. If creep was included, the prediction would be very
close to the measurement. The above reasons for Fill 17C also accounted for the
overestimation of original numerical analysis. Back analyses using reduced compressibility
parameters and increased OCR gave much better match with the actual settlement shown in
Fig. 6.
3) The compressible ground was variable in both thickness and compressibility. Available site
investigation work may be limited to cover this variation.
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Figure 5: (a) Fill 17C actual and back-analysed settlement

(b) Fill 17C Asaoka plot

Figure 6: (a) Fill 17B actual and back-analysed settlement

(b) Fill 17B Asaoka plot

6

CONCLUSION AND RECOMMENDATION

A case history on highway embankment over compressible ground is presented. Original numerical
prediction significantly overestimated the ground settlements however time rate was predicted
reasonably well. Back analyses with reduced compressibility parameters and increased OCR were
conducted and were comparable with the actual ground behaviour.
The following conclusions/recommendations may be made:
• Conventional 1-D elasticity compression method can be used to estimate the primary
consolidation settlement using DMT results, at least for preliminary design;
• Advanced SSC model in Plaxis is helpful to model the coupled consolidation process in soft
grounds; excess pore pressure generation and dissipation with time, strength gain with time can
be well simulated if high quality undisturbed samples are available from odometer tests. It is
recommended that load increment ratio less than the conventional 1.0 be adopted in order to
calculate preconsolidation pressure more accurately;
• Conventional index and moisture content tests are economical and very useful to check the
sample disturbance and compressibility characteristics; empirical correlations with liquid limit and
moisture content can be used to estimate the compressibility parameters, at least for preliminary
design;
• In-situ tests such as CPTU and DMT are fast and economical in profiling soft ground; correlations
with CPT cone resistance, Cu and OCR from DMT are very useful to counter check the
undrained shear strength and OCR of soft ground.
7
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