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Abstract: The paper presents a case study for numerical analysis of the consolidation behavior of an instrumented trial embankment
constructed on a soft soil foundation. Details are given to the geological profile, field instrumentation, laboratory test results, and
determination of soil parameters for numerical modeling. Embankment settlement is estimated based on one-dimensional consolidation
analysis and nonlinear finite-element analysis following Biot’s consolidation theory. Finite-element results are calibrated against the
measured field data for a period of more than 3 years. Development and dissipation of excess pore pressure, long-term settlement, and
horizontal displacement are predicted and discussed in light of sensitivity of embankment performance to some critical factors through a
parametric study.
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Introduction

As part of a program to upgrade the Pacific Highway �located in
the coastal regions of Eastern Australia�, the “Ballina Bypass” is
to be constructed by the Roads and Traffic Authority �RTA� of
New South Wales. A large proportion of the bypass is to be con-
structed on soft clay soil that is widespread in the Ballina area. In
order to assess the likely foundation behavior, two trial embank-
ments were constructed during 1998. They were instrumented
with settlement plates, vertical settlement profilers, vibrating wire
piezometers, and horizontal profilers. Site investigation, sam-
pling, laboratory tests and installation of instruments were per-
formed by the RTA and Robert Carr & Associates, Australia.
Using the data that have been collected for a period of more than
3 years, a systematic analysis has now been performed to better
understand the embankment behavior and for reference of the
geotechnical design.
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This paper presents a numerical analysis of the “Teven Road
trial embankment,” based on the field data and results from labo-
ratory tests. For this purpose, a geotechnical model is established
based on the borehole logs in conjunction with cone penetration
test �CPT� data. Soil parameters for the numerical analysis have
been estimated on the basis of laboratory test results. The work is
aimed at providing a complete case study by comparing conven-
tional settlement analysis and finite-element analysis with field
monitoring data from the instrumented embankment. Much effort
is put toward how to achieve reliable results based on obtained
laboratory and field data. Due to the nature of site investigation,
soil sampling, and soil tests, some inaccuracies exist inevitably in
both the monitored data and estimated soil parameters. In particu-
lar, early stage soil sampling at the Teven Road site was focused
on the soft clay layer over the sand layer and missed the sand
layer. Assumed values are used for soil parameters in this layer
for numerical analysis. In order to cope with these uncertainties
and to study the influence of some critical parameters for a better
assessment of embankment behavior, parametric studies have
been performed in the numerical analysis.

Finite-element calculations are performed with the commercial
finite-element program ABAQUS �HKS 2001�. The consolidation
process of the embankment foundation is modeled as a quasistatic
deformation problem of porous media coupled to pore–water flow
following Biot’s theory �Biot 1941�. The dissipation of developed
excess pore pressure due to loading is governed by Darcy’s law.
The soft clay under the embankment is modeled with the well-
established Modified Cam Clay �MCC� model �Roscoe and Bur-
land 1968�. The model has an important advantage in that the
main aspects of soil behavior are captured with only a few mate-
rial parameters, which are well defined and easy to determine. For
further analysis, more advanced and sophisticated constitutive
models, such as HiSS models developed by Desai and his co-
workers �e.g., Wathugala and Desai 1993; see, also, Desai 2000�
and the MIT-E3 model �Whittle and Kavvadas 1994�, may be
used. A stiff sand layer is sandwiched horizontally in the soft clay
at a depth of about 8–11 m, which is modeled with the Drucker–
Prager elastic–perfect-plastic model in the finite-element analysis.

We note that the shear-dilatation behavior of sands is better mod-
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eled with more advanced constitutive models, for instance, a
HiSS model �Desai 2000� or a hypoplastic model �Gudehus
1996�. The employment of this simple model is mainly due to the
lack of test data for this soil layer. It can also be noted that as this
thin sand layer constitutes a horizontal drainage channel in the
soft clay, its contribution to embankment settlement due to defor-
mation is, compared with the contributions from the soft clays
over and beneath it, negligible.

Bjerrum �1967� suggested that soil deformation is composed
of instant deformation and delayed deformation. The instant de-
formation develops simultaneously with the increase of effective
stress causing a reduction in void ratio. It becomes time depen-
dent only due to the fact that time is needed for excess pore
pressure in soil to dissipate and for the load to be transferred to
the soil skeleton. The delayed compression represents the reduc-
tion in soil volume due to the rheological �creep� effect. It often
becomes more apparent after the excess pore pressure is substan-
tially dissipated, even though it occurs at the very beginning of
deformation. The continuing deformation in soil under constant
effective stress, which is conventionally referred to as the “sec-
ondary” consolidation, usually constitutes only a small fraction in
the total consolidation deformation. In contrast, the “primary”
consolidation, which is the combination of Bjerrum’s instant com-
pression and delayed compression over the time period of pore
pressure dissipation, constitutes the major part of the total
consolidation deformation. With the present time-independent
constitutive model in numerical analysis, the time-dependent
creep deformation is not taken into account. The predicted final
settlements described here can be considered to be primary or the
consolidation settlement due to instant deformation. Neglecting
creep effect is assumed to have only an insignificant influence
on the numerical results as the soil parameters are determined
based on the tests without distinguishing instant and delayed
deformation.

Site Conditions and Soil Properties

The Teven Road embankment is located adjacent to the existing
Pacific Highway, 2 km south of the town of Ballina in northern
New South Wales, Australia. The town and much of the proposed
bypass are situated on a flood plain overlying an infilled quater-
nary estuary near the mouth of the Richmond River. The embank-
ment is 0.2 km from Emigrant Creek �a tributary of the Richmond
River�, 1 km from the Richmond River, and 7 km from the river
mouth.

Detailed subsurface investigation was undertaken by Robert
Carr & Associates �2000�. Based on the drilled bore logs and
CPT, the soil foundation can roughly be stratified into four layers,
as shown in Fig. 1�a�. On top is a thin layer of desiccated clay,
forming a crust about 1 m thick, which is slightly sandy, usually
unsaturated, and overconsolidated. The cone tip resistance �qt�
values are around 700 kPa and su values are between 75 and
100 kPa. Beneath the crust is a thick, estuarine clay deposit to a
depth of about 30 m. The clay has extremely high moisture con-
tent, up to around 130%. Undrained shear strength ranges from
16 to 33 kPa while the cone tip resistance is around
200–300 kPa. This clay deposit is divided into two layers by a
sand layer, lying almost horizontally between average depths of
8.5 and 11.5 m. This layer of dense, fine- to medium-grained sand
is indurated and somewhat cemented. CPT tests were unable to
penetrate it in many locations due to bending of the cone rod.

However, pumping tests have shown that this unit is still porous
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with a relatively high permeability over its thickness, and so is
considered to form a horizontal drainage channel within the clay
deposit. The clay layer above the sand layer is soft, while the clay
layer under the sand layer gradually varies from soft to firm to
stiff with increasing depth. Beneath this clay layer is a stiff re-
sidual soil or bedrock, whose deformation is neglected in the
analysis. A detailed discussion of the geomorphology of the qua-
ternary sediment sequence is presented by Bishop �2004�.

For numerical analysis, soil parameters are estimated based on
careful sampling and laboratory testing, or on correlations with
field test data. For the Teven Road trial embankment, undisturbed
soil samples have been taken from the soft clay layers and tested.
The main results from laboratory tests are listed in Table 1. The
initial void ratio eo, soil dry density �d, the plasticity index Ip, and
the liquidity index IL, are obtained from soil characterization
tests, while the overconsolidation ratio OCR=�v max� /�v�, the co-
efficient of volume change mv, the coefficient of consolidation cv,
the compression index Cc, the recompression index Cr, and the
secondary compression index C�, are obtained from one-
dimensional �1D� consolidation tests. The friction angle �� is
obtained from drained triaxial compression tests.

Instrumentation

The base of the trial embankment is 84 m long and 54 m wide. It
was lifted to a total fill thickness of 1.6 m over a period of
69 days. The general construction sequence for the trial embank-
ment consisted of mowing the vegetation, laying a geofabric layer
over the entire embankment footprint, positioning settlement
plates, placing a 0.75 m bridging layer of “crusher dust” and a
0.25 m layer of free-draining aggregate, installing instrumenta-
tion, placing a geofabric layer over the aggregate, and finally,
constructing the embankment from gravelly clay fill. Location of
the instrumentation is shown in Fig. 1�b�.

Measured data include settlements from settlement plates,
readings of pore pressure from piezometers, and horizontal dis-
placement profiles from inclinometers. These data describe the
fundamental responses of an embankment on soft soil and they
are essential for the calibration of analytical models to predict
embankment behavior.

However, it is important to note that although the Teven Road
embankment project was set up to collect all of the data needed to
calibrate a numerical model for embankment behavior, the avail-
able measured data are incomplete. For example, pore pressure
data are only available corresponding to embankment heights
greater than 0.5 m, as piezometers were not installed until after a
0.5 m working platform had been constructed. Furthermore, al-
though vertical settlement profilers were installed, due to a prob-
lem, no data for the settlement in the different soil layers were
obtained. Also, the first reading of the inclinometers was not
taken until 42 days after the start of construction �which does not
include the early horizontal movements�, so that these data can
only be used to assess predictions of lateral displacements that
might occur relative to the conditions in the soil mass that pre-
vailed at a time of 42 days after construction.

Estimation of Embankment Settlement Based on 1D
Consolidation Tests

In engineering practice, foundation settlement is usually esti-

mated empirically based on one-dimensional consolidation tests.
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Such results are included here as a reference for comparison with
the results from the following numerical analysis. The total settle-
ment st of a foundation is computed as the sum of an immediate
settlement si, which is elastic under undrained conditions, and a
subsequent consolidation settlement sc �i.e., st=si+sc�. The imme-
diate settlement of the foundation can be estimated from the re-
sults of elasticity theory using the influence factor method for a
trapezoidal embankment �e.g., Das 1990�, which produces a result

Table 1. Engineering Properties and Initial Parameter Values for the Tev

Depth
�m� e0

�v0

�kPa� OCR Ip IL ��1

0.7 0.80 6 8.0 0.40 0.63

1.7 1.25 11 5.3 0.36 0.92

2.7 2.01 16 2.44 0.58 0.98

3.7 2.27 21 1.71 0.71 0.81

4.8 2.82 26 1.92 0.81 1.04

6.7 2.70 33 1.51 0.77 1.01

14.7 1.69 62 1.06 0.38 1.07
*

Fig. 1. Details of the T
Note: C� has been interpreted from the 100 kPa load increment.
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of si�35 mm for the considered embankment with an average
value of the undrained elastic modulus of Eu=6,000 kPa for the
Ballina clay.

The time-dependent consolidation settlement sc takes place as
a result of the extrusion of pore water from the void space and
reorganization of soil structure. It is a conventional approach to
divide the consolidation into primary and secondary phases. The
primary settlement sp is the soil deformation observed during the

ad Soil Profile

/kN�
cv

�m2/year� Cc Cr C�
*

��
�degrees�

185.65 0.18 0.025 0.002 33

14.844 0.51 0.03 0.012 —

3.001 1.09 0.07 0.032 26

4.654 1.11 0.05 0.025 —

2.255 1.94 0.05 0.050 28

5.832 1.43 0.04 0.044 —

7.161 0.31 0.02 0.005 28

oad trial embankment
en Ro

mv
0−4 m2

12.20

12.78

9.84

8.22

6.63

5.09

3.06
even R
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dissipation of excess pore pressure, which usually constitutes the
major part of the total consolidation settlement, and the secondary
settlement ss is the continuing deformation of soil under constant
effective stress, after the excess pore pressure is substantially
dissipated.

Primary Consolidation Settlement

The primary consolidation settlement can be directly estimated
based on the results from the standard 1D consolidation test. Sub-
division of soil profile into layers is often necessary to cope with
the variation of the effective stress and soil compressibility with
depth. Thus, sp=�ispi, where spi is computed for each sublayer of
soil using a strain hardening soil model

spi =
Cr�zi

1 + eo
log10��vo� + ��vi�

�vo�
� for �vo� + ��vi� � �po� �1a�

spi =
Cr�zi

1 + eo
log10��po�

�vo�
� +

Cc�zi

1 + eo
log10��vo� + ��vi�

�po�
�

for �vo� � �po� � �vo� + ��vi� �1b�

Herein, �vo� =initial vertical stress; ��vi� =effective vertical stress
increment due to the embankment; �po� represents preconsolida-
tion stress; and �zi denotes the thickness of sublayers with a total
thickness H=�i�zi. The increase of vertical stress under the em-
bankment can be estimated using elastic theory �see, for instance,
Poulos and Davis 1974�. With the obtained stress increment, Eq.
�13� produces a primary consolidation settlement of sp=423 mm,
in which the contribution from compression of the lower clay
layer �Layer 4� is about 147 mm. The contribution from compres-
sion of the indurated sand layer is neglected as it is much stiffer
than the clay layers.

Secondary Consolidation and Long-Term Settlement

Many laboratory data show that, within a limited time span, the
secondary compression in soils increases more or less linearly
with the logarithm of time, which is also the case for Ballina clay,
as shown in Fig. 2�a�. In the laboratory, the rate of the secondary

Fig. 2. �a� Compression–time curve
consolidation is expressed by the secondary compression index
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C� =
�e

� log10 t
�2�

Mesri and Godlewski �1977� suggested that the compression
index be linearly related to the secondary compression index, and
the value of C� /Cc fall in a narrow range of 0.02–0.10 for a
variety of natural soils. They found that C� /Cc has a typical value
of 0.04±0.01 for an inorganic soft clay. This is roughly true for
the Ballina clay �Fig. 2�b��.

As long as the secondary compression index remains constant,
the secondary compression of soil may be estimated according to

ss =
C�

*

1 + e100
h log10�t/tp� for t � tp �3�

where tp represents the end-of-primary consolidation time and h
stands for the thickness of the soil sample.

Prediction of the long-term settlement with secondary consoli-
dation has long been a difficult task �Olson 1986�. The current
data for the Teven Road trial embankment are not sufficient to
allow a reliable assessment in this case. Difficulties arise in using
Eq. �3� for the prediction of secondary compression in the field
situation, as this equation is valid only for a limited time. Beyond
this time limit, the rate of secondary compression may decrease
gradually or rapidly to zero �see, for instance, Lo et al. 1976�. In
laboratory tests, this time can be a few weeks. On the other hand,
there are no field data to indicate that the secondary slopes mea-
sured 24 h or 2 weeks in the laboratory can be used to reliably
predict field behavior over a period of decades.

In cases where Eq. �3� is used to describe secondary compres-
sion in the field, the end-of-primary time tp has a strong influence
on the results. In a thick, soft clay layer, due to the large drainage
distance involved, the primary consolidation can be so retarded
that, in extreme cases, all of the secondary compression has been
completed first. Most often, the completion of the primary con-
solidation often requires several decades, the time for which the
secondary compression ceases is generally less than 10 times of tp

�Mesri and Choi 1985�. Taking the present trial embankment as
an example, the field end-of-primary consolidation time from
finite-element analysis is about tp�20 years for the upper clay
layer and tp	50 years for the lower clay layer. If the secondary
compression can last for 100 years, Eq. �3� yields an estimation of

� /Cc relation from laboratory tests
; �b� C
ss�60 mm for the secondary consolidation settlement.
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Estimation of Soil Parameters for Finite-Element
Analysis

The MCC model has been used to model clayey soil behavior.
The details regarding the model and its finite-element implemen-
tation can be found elsewhere �e.g., Wood 1990; Gens and Potts
1988�. The original critical state of the model was formulated
based on conventional triaxial tests. In this numerical analysis, a
generalization to take into account the variation of the limit stress
ratio in the deviatoric stress plane is accepted by using the fol-
lowing modified yield condition:

f = � p�

p0
− 1�2

+ � q̃

Mp0
�2

− 1 = 0 �4�

where p� denotes the mean effective pressure; and q̃= �1/2�q
�1+1/
− �1−1/
��J3 /q�3�=generalized deviatoric stress
with J3= ��9/2�sijsjkski�1/3 being the third stress invariant.

=parameter to control the shape of the yield surface in the de-
viatoric stress plane, which can be set to 0.8 in most calculations
�HKS 2001�. The model includes the consolidation parameters ��
and ��, the drained strength parameter ��� or M�, and the elastic
parameter �� or G��. The consolidation parameters � and �
represent the gradient of the normal compression line and the
gradient of the unloading/reloading line in the ln p�−v plane, re-
spectively �v=1+e is the specific volume�. They can be related to
the compression index Cc and the recompression index Cr by

� = Cc/ln 10, � = Cr/ln 10 �5�

The shear strength parameter M is related to the critical friction
angle, ��, according to

M = 6 sin ��/�3 − sin ��� �6�

A constant Poisson’s ratio � is assumed in this study. The
elastic behavior is governed by two parameters � and �, by
which the bulk modulus K� and the shear modulus G� are
determined

K� =
vp�

�
, G� =

3�1 − 2��K�

2�1 + ��
�7�

Clays have a typical Poisson’s ratio value around 0.3, varying
slightly with respect to the soil plasticity index Ip �Wroth 1975�.

Hardening/softening behavior is controlled by a state param-
eter p0�, which is related to the plastic volumetric strain, d�v

p, by

dp0�

p0�
=

v
� − �

d�v
p �8�

The initial state can significantly affect the predicted soil re-
sponse and, therefore, it needs to be defined carefully. In the
embankment foundation, the initial vertical effective stress distri-
bution can be obtained simply and reliably from measured values
of soil unit weight, and the initial horizontal stress can be defined
with the earth pressure coefficient at rest K0. For the normally
consolidated �nc� soil, K0 can be related to the friction angle by
Jâky’s estimation

K0nc = �1 − sin ��� �9�

For overconsolidated clay, the following relation is considered to

give a fairly good estimation for K0 �Wood 1990�
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K0 = K0nc
�OCR �10�

The initial yield surface can be defined with respect to the initial
stress state. To this end, a mean effective stress ratio
np= pmax� / p� is introduced with pmax� representing the maximum
mean pressure reached in the history. np is then related to the ratio
OCR by

np

OCR
=

1 + 2K0nc

1 + 2K0
�11�

The initial yield surface can be determined by p0� from

p0�

pmax�
= 1 +

�Knc
2

M2 with �Knc = 3�1 − K0nc�/�1 + 2K0nc� �12�

A simple Drucker-Prager–elastoplastic model is adopted to de-
scribe the sand layer and the embankment fill. The soil response is
basically elastic governed by two parameters E� and � with the
former related to � through E�=3�1−2��vp� /�. Plastic flow oc-
curs when the shear strength limit is reached

f = q − p� tan 
� − d� = 0 �13�

Two Drucker–Prager parameters 
� and d� can be related to the
widely used Mohr–Coulomb shear strength parameters �� and c�.
For plane strain problems with an associated flow rule, these re-
lations are

tan 
� =
�3 sin ��

�1 +
1

3
sin2 ��

,
d�

c�
=

�3 cos ��

�1 +
1

3
sin2 ��

�14�

The permeability or hydraulic conductivity in the vertical di-
rection for the subsoil layers, kv, has been estimated mainly from
1D consolidation tests. As some of the values of the permeability
obtained in this way are rather scattered, direct permeability tests
have been conducted using the falling head test with the undis-
turbed samples taken at a depth of 7.5 m. Some CPTu dissipation
test data have also been collected for an indirect estimation of
horizontal permeability �Lunne et al. 1997�. These tests verified
the order of correctness of the values of permeability listed in
Table 2 for Soil Layer 2.

Natural clayey soils often show higher permeability in the
horizontal direction than in the vertical direction. According to
Al-Tabbaa and Wood �1987�, the permeability anisotropy ratio
rk=kh /kv for clayey soils may vary from 1.0 to 3.0, and can be
related to the liquidity index IL. In the heavily overconsolidated
London clay, Chandler et al. �1990� found rk values having an
average of about 2. Leroueil et al. �1990�, however, found that in
marine clays, rk can be as low as 1.0 to 1.2, and the permeability
anisotropy does not vary significantly for strains up to 25%. In the
present numerical analysis, a permeability anisotropy ratio of
rk=2.0 is assumed in most calculations.

Due to inadequate in situ testing and sampling, there are no
available laboratory data for the sand layer. Therefore, all model
parameters adopted for this layer are assumed values. In the four
parameters in the Drucker–Prager model, typical values can be
adopted for the Poisson’s ratio � with good confidence, and the
shear strength parameters �� and c� can be estimated with rea-
sonable certainty. The elastic modulus E� is related to parameter
�. As � values in sand may vary over a relatively wide range,
sensitivity to its variation is assessed by comparing the results of
numerical tests performed for different values.

Calibration of MCC parameters was made by a back analysis,

that is, by matching the model response with the laboratory test
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results. In summary, the best-estimate values of the soil param-
eters, for the four soil layers in the geotechnical model, are listed
in Table 2. An averaging procedure with respect to thickness of
subsoil layers has been used to obtain the values for the second
soil layer. As mentioned above, some soil parameters are sensitive
to the change of environment during sampling, and may have
quite different values under in situ conditions. In addition, there is
considerable measurement uncertainty due to the inherent vari-
ability of the soil deposit. The effects of such uncertainty are
investigated by means of the following parametric study, in which
one parameter is varied while the rest take the best-estimate val-
ues given in the table below.

Numerical Details

In the present finite-element analysis, the problem is solved as a
two-dimensional �2D� plane strain consolidation problem with a
symmetry condition applied at the centerline of the embankment.
A computation domain of 30 m vertically by 94 m horizontally
�from the axis of symmetry� is discretized into 390 elements, as
shown in Fig. 3. The width of the area selected for the numerical
modeling is large enough �more than three times the embankment
width�, so that the boundary at the right side will have a negli-
gible influence on the results.

The boundary conditions prescribed are as follows. On the
left-hand side �the axis of symmetry in Fig. 3�, horizontal dis-
placements and water fluxes are zero, so that the symmetry con-

Table 2. Best Estimate �Default� Values Used in the Standard Numerica

Soil
layer

Depth
�m� e0

�t

�kN/m3� OCR K0

1 0–1.0 0.80 18.94 8 1.28

2 1.0–2.5
2.5–3.5
3.5–8.5

2.29 15.08 5.3
2.4

1.6

1.10
0.84
0.65

3 8.5–11.5 0.65 19.80 — 0.56

4 11.5–15
15.0–20.0
20.0–30.0

1.69 15.99 1.06
1.03
1.00

0.54
0.52
0.50

Fill 18.0

Fig. 3. Mesh for
INTERNATIONAL JOURNAL
dition is achieved. The bottom boundary is ascribed conditions of
zero displacement and imperviousness. On the right-hand side,
while displacement is fixed, the pore water is allowed to flow
across the boundary, so that the possible horizontal water flow
condition is not affected significantly using a finite domain. At the
ground surface, conditions of free drainage and unconstrained dis-
placement apply. Numerical calculations were performed to
model the actual construction sequence for the embankment,
which was raised up to a thickness of 1.60 m in 69 days, as
shown in Fig. 4. For convenience of presentation, the data are
presented in terms of the time �days� from a reference time of day
zero on September 4, 1998. Long-term consolidation is estimated
by continuing the computation until the excess pore pressures in
soil layers are substantially dissipated.

Basic Features of Embankment Behavior and the
Effect of Soil Permeability

Ground settlement has been measured at the following points
along a transverse section line M �refer to Fig. 1�: �A� in the
center of the embankment; �B� 15 m from the center; �C� at the
toe of the embankment �27 m from the center�; and �D� 7 m
outside the embankment �34 m from the center�.

Pore pressures were measured with Piezometer PC2 �refer to
Fig. 1� at Point PC2-1 �3 m deep�, Point PC2-2 �5 m deep�, Point
PC2-3 �7 m deep�, and Point PC2-4 �10 m deep� and with pi-
ezometer PC3 �refer to Fig. 1� at Point PC3-1 �3 m deep�, Point

ses

MCC parameters
kv

�m/s�� � ecs M

0.3 0.078 0.98 1.33 7.0�10−8

0.33 0.587 3.94 1.07 1.65�10−9

�=0.004, �=0.28, ��=30°, c�=5.0 kPa 1.0�10−6

0.3 0.134 2.18 1.11 6.95�10−10

�=5000 kPa, �=0.30, ��=28°, c�=10.0 kPa

element analysis
l Analy

�

0.011

0.020

0.009

E

finite-
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PC3-2 �5 m deep� and Point PC3-3 �7 m deep�. Less data were
collected from PC3-2, and after the peak, these data are not con-
sistent with those from other points, and therefore, they are not
used in the following assessment of results. The regional water
table position is monitored with two remote piezometers. The
average of these two readings has been used in calculating the
excess pore pressures from the data.

The basic features of typical embankment behavior are re-
flected in the measured results. These include that excess pore
pressure builds up in the soil foundation in response to the con-
struction of the embankment. Dissipation starts immediately dur-
ing the construction and continues afterwards. The measured pore
pressures reach maximum values at the end of construction
�Leroueil et al. 1978�. The consolidation settlement develops in
the foundation over time as the excess pore pressure dissipates
and the load transfers gradually to the soil skeleton.

Fig. 4. Construction sequence of the Teven Road embankment

Fig. 5. Ground surface settlement obtained numerically for different
�b� 15 m from the center; �c� the toe; and �d� 7 m outside the toe
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Numerical simulations were first performed using soil param-
eters given in Table 2, with an assumed permeability anisotropy
ratio rk=kh /kv=2.0 for all soil layers.

Due to inadequate data, assumed values have been used for the
permeability in the indurated sand layer. A number of numerical
tests have been performed with various values for the permeabil-
ity in this sand layer �Layer 3�. Here, the numerical results ob-
tained with permeability coefficients of k3v=1.0�10−5,
1.0�10−6, and 1.0�10−7 m/s for the sand layer are considered
�here and in the following, the subscript number for a soil param-
eter refers to soil layer with respect to Table 2�. Comparison of
predicted settlements with the measurements at Points A, B, C,
and D is presented in Fig. 5. It can be seen that the early settle-
ments are strongly influenced by the assumed permeability of the
sand layer �though the total settlement is indifferent to the chosen
value, as expected�. With k3v=1.0�10−6 m/s, numerical predic-
tions of the settlements under the embankment �Points A and B�
coincide very well with the measured results. The trend in the
settlement curves shows a significant alteration at a time of
around 60–70 days, which is found to be consistent with the time
that the effective stress reaches the preconsolidation pressure in
the upper clay layers. In response to this, an obvious heave is
predicted at, and just beyond, the toe of the embankment.
This heave is, compared with the measured results, slightly
overestimated.

Numerically predicted excess pore pressures are presented in
Fig. 6 in a comparison with the measured data. The predicted pore
pressures reach maximum values at the end of embankment con-
struction, and this is in general agreement with the measured data.

ermeabilities in comparison with the measurement at: �a� the center;
sand p
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After the peak, the predicted pore pressures decrease consistently,
approaching their initial values, as expected. The predicted dissi-
pation rate in the sand and in the clay adjacent to the sand layer
increases markedly as the sand permeability is increased. The
predicted times for the excess pore pressure to be substantially
dissipated in the upper soft clay layer �Layer 2� are about 13, 20,
and 50 years, respectively, for values assumed for the hydraulic
conductivity of the sand layer. Also, the magnitude of the pre-
dicted maximum excess pore pressure decreases as the sand
permeability increases. In particular, the maximum excess pore
pressure in the sand layer reduces significantly from 23.9 to 18.6,
and 8.6 kPa as k3v varies from 2.0�10−7 to 1.0�10−6 and
2.0�10−5 m/s.

Due to the nature of instrumentation, the quality of the data
from pore pressure measurement is not as high as those measured
for settlement. The measured data show some inconsistent varia-
tions over time and the excess pore pressures even become nega-
tive at some points. In particular, the excess pore pressure at
PC2-4 �which is located in the sand layer� shows a second peak,
occurring after the end of embankment construction. This varia-
tion of pore pressure in the sand layer may be explained as a
result of a distant environmental influence on the confined sand
layer. Consistent with the expectation of a higher hydraulic con-
ductivity with respect to other layers, the sand layer can be more
sensitive to the remote environment and the pore pressure may
respond to remote changes, such as in the water level in the ad-
jacent river. Despite these unexpected values, the peak excess
pore pressure measurements at the end of embankment construc-
tion are considered acceptable, having values of 13.4, 16.6,
15.3, and 6.5 kPa, at PC2-1, PC2-2, PC3-3, and PC2-4,
respectively. Their numerically predicted counterparts �for
k3v=1.0�10−6 m/s� are, respectively, 19.2, 25.2, 26.1, and
18.6 kPa, which are consistently greater than the measured data.

Fig. 6. Pore pressure from numerical prediction for different sand p
Points �a� PC2-1; �b� PC2-2; �c� PC3-3; and �d� PC2-4
A similar overestimation of maximum excess pore pressures has
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also been obtained from numerical modeling using the “in-house”
finite-element program SNAC �Sheng 2003�. The possible cause
of this quantitative discrepancy between the predicted and the
measured excess pore is discussed as follows.

The possibility of underestimation of soil permeability, which
may affect the numerical prediction of pore pressure, is consid-
ered by systematically changing the hydraulic conductivity in the
upper soft clay layer �Layer 2� in numerical modeling. Fig. 7
shows the variation of excess pore pressure and settlement of the
ground surface under the embankment as the hydraulic conduc-
tivity k2v for Layer 2 is increased to three and ten times its best-
estimated value listed in Table 2 while the ratio k2h /k2v=2 is
retained. It can be seen that a higher permeability corresponds to
a lower excess pore pressure and a higher settlement rate. Corre-
sponding to the change in hydraulic conductivity in k2v, the maxi-
mum excess pore pressures vary from 25.2 to 20.5 and 17.3 kPa
at PC2-2 �located in Layer 2�. With k2v=10k2ve, the predicted
excess pore pressure at PC2-2 matches the measured data. How-
ever, while an improvement in the agreement between the pre-
dicted and measured excess pore pressures is achieved for higher
clay permeability, the corresponding predicted settlements deviate
significantly from the measured data �Figs. 7�c and d��. It can also
be seen that the change of hydraulic conductivity in Layer 2 does
not have much influence on the excess pore pressure at Point
PC2-4 �located in the sand layer�. This may be due to the sand
layer having a much higher permeability.

Inadequate characterization of the anisotropy in the permeabil-
ity may also affect the predicted peak excess pore pressure. This
effect is examined by setting the permeability anisotropy ratio
rk=1.0, 2.0, 4.0, and 10.0, respectively, for all subsoil layers.
Numerical results show that the peak values of the excess pore
pressure in the soft clay layer change only slightly as the horizon-
tal hydraulic conductivity increases, while the postpeak dissipa-

bilities in comparison with measured data under the embankment at
ermea
tion rate is obviously increased �Figs. 8�a and b��. Similarly,
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higher horizontal permeability corresponds to a higher gradient of
the settlement curves, and leads to a deviation of numerical pre-
diction from the measurement �Figs. 8�a and b��. In fact, the
measured settlement curves are generally well matched for an
anisotropy ratio rk=2.0 �see, also, Fig 13�a��.

The above numerical results show that the development of
settlement, and excess pore pressure cannot be concurrently pre-
dicted in a satisfactory manner by modifying soil permeability. A
number of factors may play roles in the discrepancy between
prediction and measurement. One of these factors is the limitation
of the constitutive model. We note that the MCC model used in
the present study is only a simple elastoplastic model, which is
not adequate to reproduce the very complicated behavior of real
soils. Adachi et al. �1985� showed that MCC model overestimates
pore pressure in normally consolidated clay under undrained tri-
axial conditions. The accuracy of the elastic volumetric response
of the model is also limited. It tends to overestimate the contrac-
tive volume change for stress states falling inside the yield sur-
face, and this may result in an overestimation of excess pore
pressure in overconsolidated soil layers. Leroueil et al. �1978�
also reported that the measured excess pore pressures in embank-
ment foundations are somehow systematically lower than ex-
pected. They suggested that the coefficient of consolidation cv
may be significantly underestimated in overconsolidated clay.
This, in turn, leads to a pronounced overestimation of excess pore
pressure in the early stage of loading. Other factors that may lead
to an overestimation of excess pore pressure include assumption
of full saturation of soils above the ground water level, and ne-
glect of the slight compressibility of the pore water, which may

Fig. 7. Excess pore pressure at �a� PC2-2 and �b� PC2-4 and settlem
of permeability in the upper soft clay layer
contain small amounts of air. It is noted that an underestimation
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of the overconsolidation ratio may also increase the predicted
excess pore pressure, as will be shown numerically, later in this
paper.

Settlement Predictions

To date, the settlements have been monitored for about
1,300 days, which comprises only a small fraction of the expected
total settlement time. As the early settlements are well captured
by the finite-element modeling, it is considered likely that the
total primary consolidation settlement may be well predicted also.
In the finite-element simulation, the foundation deforms concur-
rently with the development and dissipation of excess pore pres-
sure as load increases. Therefore, initial deformation is combined
with the primary compression. At the center of the embankment,
this total primary settlement prediction reads 431 mm, which
matches the estimation based on the soil mechanics method.

Effect of the Compressibility Parameter and
Overconsolidation Ratio

We note that our finite-element model is able to approximate 2D
deformation with coupling of the pore water flow with soil defor-
mation, and so, it is expected to provide better predictions than
the simple 1D approach. However, the reliability of numerical
results is strongly influenced by the input parameters. Differences
may exist between the laboratory conditions under which the soils
are tested and the in situ state of the soils beneath the embank-

�c� center and �d� 15 m from the center, in response to the variation
ent at
ment, and so the estimated soil parameters may deviate from their
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actual values. It is, therefore, of interest to consider the sensitivity
of the predicted settlements to the adapted soil parameters.

Among many factors, ground settlement is directly related to
the soil compression parameters � and �, �as � and � determine
soil compressibility in the elastic and plastic states, respectively�,
and to the overconsolidation ratio OCR �which affects the initial
yield in soil�. Numerical tests are performed to consider the sen-
sitivity due to variations in the values of �2, �2, and OCR2 for the
upper soft clay layer. Fig. 9�a� shows the settlement response at
the center of the embankment for �2 /�2e=0.8, 0.9, 1.0, 1.1, and
1.2. Here, and in the following, the soil parameter with subscript

Fig. 8. Excess pore pressure at �a� PC2-2 and �b� PC2-4 and settlem
of permeability anisotropy in subsoil layers

Fig. 9. Ground settlement at the center of the embankment, with
overconsolidation ratio OCR2 for the upper soft clay layer
INTERNATIONAL JOURNAL
e represents the �best-� estimate value listed in Table 2. It can be
seen that the total settlement increases significantly as the value
of �2 increases. However, the early stage settlement response is
less sensitive to the variation of the compression parameter. This
means that the measured settlement at the current time may be not
sufficiently complete to enable a conclusive evaluation of the
adopted values of the soil parameter �, although the results do
suggest that inaccuracy in � may lead to a relative error as high as
13% in the prediction of the total settlement.

Some influence of the possible inaccuracy of �2 is observed in
the early stage response, but this influence is generally insignifi-

�c� center and �d� 15 m from the center, in response to the variation

ct to the variation of �a� soil compression parameter �2 and �b�
ent at
respe
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cant. In contrast, the variation of OCR2 has a much stronger in-
fluence on the predicted settlement, as can be seen in Fig. 9�b�
showing the predicted settlement curves for OCR2/OCR2e=0.8,
0.9, 1.0, 1.1, and 1.2. Increase of the overconsolidation ratio re-
sults in a significant decrease in the predicted settlement. The
relative sensitivity of predictions with respect to the variation of
�2, �2, and OCR2e is considered by comparing the total settlement
at the center of the embankment, as shown in Fig. 10. It is clear
that the total settlement is insensitive to the change of parameter
�, sensitive to the change of �, and strongly sensitive to the OCR.

It was also found that � has only a slight influence on the
predicted excess pore pressure, whereas the excess pore pressure
is strongly affected by the OCR. The peak excess pore pressure
decreases significantly as the OCR increases �Fig. 11�. Numerical
results also show that the sensitivity of predicted excess pore
pressures due to the soil parameter � is almost negligible.

Compression of the Underlying Clay Layer

The lower clay layer �i.e., Soil Layer 4� lies at a depth from
11.5 to 30 m, and laboratory testing reveals that this clay layer is
also normally consolidated with an overconsolidation ratio close
to 1.0. As the embankment width exceeds 50 m, stress increments
at this depth are expected to be significant, and so a large fraction

Fig. 10. Variation of settlement at the center of the embankment
expressed by the ratio st /ste with respect to �=�2 /�2e, �2 /�2e, and
OCR2/OCR2e in the upper soft clay layer

Fig. 11. Excess pore pressure at point at a depth of 5 m under the c
subsoil layer
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of the overall ground settlement may be due to the compression of
this deep, thick clay layer. In the 1D soil mechanics estimation
presented earlier, compression of the lower clay layer contributes
about 147 mm to the total consolidation settlement of 423 mm
beneath the center of the embankment. In the finite-element mod-
eling, the compression of the lower clay layer is reflected by the
settlement of the sand layer. This estimated settlement of the sand
layer beneath the center of the embankment is 139 mm.

The settlement at various depths beneath the embankment was
to be measured in the field by vertical settlement profilers. Unfor-
tunately, little data have been obtained from these instruments due
to the buckling of the vertical profiler tubing early in the study.
Consequently, the ability of the numerical model to accurately
predict settlements in each of the soil layers cannot be readily
assessed.

The numerical study has been extended to show the influence
of possible errors in the related parameters to the settlement of the
sand layer. It is found that the final settlement of the sand layer is
almost unchanged for the elastic parameter of the sand layer �3

taking the values of �3=0.1, 1.0, and 10�3e, respectively. In con-
trast, the variation in the plastic stiffness �4 of the underlying clay
layer �Layer 4� significantly influences the predicted settlement of
the sand layer, and consequently, the predicted settlement of the
ground surface �Fig. 12�b��.

Lateral Displacement

Numerical predictions of the development of horizontal displace-
ments under the toe of the embankment are presented in Fig.
13�a�. The amount and direction of horizontal movement at the
ground surface vary gradually in a manner that is consistent with
the development of the surface settlement. The toe of the embank-
ment is predicted to first move outwards and then backwards,
which can be explained by bending of the ground surface due to
the differential settlement over the full width of the embankment.

The location of the maximum horizontal displacement moves
gradually from a depth of about 3 m to a depth of 6.5 m. Also,
strong curvature is displayed in the upper part of the lateral de-
flection profiles, corresponding to thickness and position of the
upper clay layer. For the Teven Road embankment, the presence
of the sand layer has a notable effect on the shape of the lateral
deflection curves. Due to the large difference between the stiff-

ine with respect to the variation of �a� � and �b� OCR in the second
enter l
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Fig. 12. Settlement of the ground surface: �a� predicted progressive settlement against the measured data; �b� variation of final settlement in
response to the change of �4 for the lower soft clay layer; and �c� variation of final settlement in response to the change of the elastic modulus
of the embankment fill
Fig. 13. Lateral displacements: �a� predicted total lateral displacements; �b� measured �M� and predicted �P� lateral displacements since Day 42;
and �c� predicted final lateral displacements in response to different values for the elastic modulus of the embankment fill
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ness of the sand and soft clay layers, a sharp kink develops in the
deflection curves at the upper clay/sand interface, and the hori-
zontal displacement in the lower clay layer seems somehow re-
stricted by the sand layer. In effect, it is considered that the model
predicts that the clay between the embankment fill and the sand
layer is being squeezed from between these layers.

Verification of the predicted lateral soil deflections can be at-
tempted by comparison with the measured data obtained from the
horizontal displacement profiler installed under the toe of the em-
bankment. However, since the first reading was taken 42 days
after the start of construction, data for the first 42 days of lateral
soil deformation do not exist. Comparison between numerical
prediction and the measurement could thus only be made by as-
suming that the 42 day readings were the initial readings, and by
considering the incremental change in the horizontal displacement
with respect to the Day 42 data, as shown in Fig. 13�b�. It can be
seen that while there is general agreement, numerical predictions
tend to overestimate the �incremental� horizontal displacement.
This is consistent with the observations of many embankment
studies �e.g., Poulos 1972; Rowe et al. 1995�. Poulos noted that
there are a number of possible reasons which may lead to discrep-
ancies between calculated and measured results, including diffi-
culty of estimating Poisson’s ratio, anisotropy of the soil, and
nonlinear stress–strain behavior of soil. In the present numerical
study, the predicted lateral displacement can be improved by
adopting a smaller Poisson’s ratio �1 /1e=2 /2e=1/3�. Al-
though the reduced Poisson’s ratio values �around 0.1� are low for
clay soils, they do produce an improvement in the predicted lat-
eral displacements, without significantly affecting the predicted
vertical settlements. With respect to Eq. �5�, this result can be
explained as a consequence of increase of the shear modulus for
the upper clay layers.

Intuitively, the embankment stiffness may have some influence
on the lateral displacement of the underlying soil. The effect is
examined by adapting different values of the elastic modulus for
the fill in calculations. For Ef /Efe=1/5, 1, and 5, the correspond-
ing settlements of the ground surface are shown in Fig. 12�c�, and
the corresponding lateral displacements are presented in Fig.
13�c�. It can be seen that change of the embankment stiffness
affects mainly the lateral displacement near the toe of the em-
bankment. The maximum horizontal displacement under the toe
takes place at the same depth, while the value varies from 35.8 to
38.9 and 45.1 mm for Ef /Efe=1, 1 /5, and 5, respectively. The
predicted ground settlement is insensitive to the stiffness of the
embankment fill.

Conclusion

The consolidation behavior of an instrumented embankment on a
soft soil foundation has been studied numerically using a coupled,
nonlinear, finite-element analysis. Early stage numerical predic-
tions have been compared with the measured field data. The ef-
fects of some key parameters on the predicted embankment
performance have been examined by a parametric study.

Overall, good agreement with settlements has been demon-
strated using the Modified Cam Clay model for clay layers. In
particular, good agreement in magnitude for time-dependent ver-
tical settlements has been obtained for the embankment. The final
primary settlement is in good agreement with the prediction of 1D
consolidation analysis. The lower clay layer can contribute a sig-
nificant fraction to the total ground settlement, which is mainly

controlled by the compressibility and thickness of this clay layer.
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The stiffness of the sand layer has little influence on the settle-
ment predictions. The peak pore pressures are strongly influenced
by the hydraulic conductivity. Among the many parameters used
in the analysis, the plastic compressibility and the overconsolida-
tion ratio have the strongest influence on the predicted settlement,
while the latter also has a significant influence on predicted ex-
cess pore pressures. Predictions are relatively insensitive to the
values of elastic compressibility that are adapted.

The present numerical model tends to overestimate the peak
pore pressure systematically. Also, the horizontal displacement in
the foundation is slightly overestimated. This can be partly im-
proved by using a more advanced constitutive model and apply-
ing further sampling and laboratory testing for determination of
relevant soil parameters. Modeling of unsaturated soil and effects
of natural soil structures may also be helpful. Equally important is
research into the reliable correlation between laboratory and field
data and improvement of field instrumentation.
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