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Abstract: The Nerang Broadbeach Roadway (NBR) embankment in Australia is founded on soft
clay deposits. The embankment sections were preloaded and surcharged-preloaded to limit the
post-construction deformation and to avoid stability failure. In this paper, we discuss the NBR
embankment’s geology, geotechnical properties of the subsurface, and long-term field monitoring
data from settlement plates and piezometers. We demonstrate a comparison of cone penetration
test (CPT) and piezo cone dissipation test (CPT-u) interpreted geotechnical properties and the NBR
embankment’s foundation stratification with laboratory and field measured data. We also developed
two elasto-viscoplastic (EVP) models for long-term performance prediction of the NBR embankment.
In this regard, we considered both the associated and the non-associated flow rule in the EVP model
formulation to assess the flow rule effect of soft clay. We also compared EVP model predictions with
the Modified Cam Clay (MCC) model to evaluate the effect of viscous behavior of natural Estuarine
clay. Both EVP models require six parameters, and five of them are similar to the MCC model. We
used the secondary compression index of clay in the EVP model formulations to include the viscous
response of clay. We obtained numerical models’ parameters from laboratory tests and interpretation
of CPT and CPTu data. We observed that the EVP models predicted well compared with the MCC
model because of the inclusion of soft clay’s viscosity in the EVP models. Moreover, the flow rule
effect in the embankment’s performance predictions was noticeable. The non-associated flow rule
EVP model predicted the field monitoring settlement and pore pressure better compared to the MCC
model and the associated flow EVP model.

Keywords: clay; preloading; settlement; cone penetration test; elasto-viscoplastic model; flow rule

1. Introduction

Soft clays are considered problematic soil because of their low bearing capacity, low
hydraulic properties, high compressibility, and time-dependent viscoplastic nature [1,2].
When such types of clays experience long-term external loading, the pore water pressure
dissipation (PWPD) may be instantaneous, or it may continue for a long time [3]. The
PWPD results deform clay and mobilize the shear resistance in response to the external load.
However, it is challenging to avoid the construction of geotechnical structures on such types
of foundation due to the expansion of urbanization, increase of population, geological
values, and associated construction costs. This type of clay may be subject to uneven
settlement and lead to partial or even complete failure, which requires subsequent high
annual maintenance costs. Construction of geotechnical structures founded on soft clay
deposits is considered as one of the geotechnical challenges (see also Indraratna et al. [4]).
Therefore, soft clay research is an active field of interest.

In many countries, soft clays are extensively distributed, e.g., in coastal cities in Aus-
tralia. Roadway embankments close to the coastal precinct in Australia’s Queensland
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region often traverse soft clay deposits (see Indraratna and Chu [5]). For example, the
Nerang Broadbeach Roadway (NBR) embankment was founded on the soft Estuarine
clay deposit varying from 5.0 m to 21.0 m (see also Islam et al. [6]). This type of em-
bankment foundation is feeble, and rapid construction is challenging without ground
improvement. In the literature, the most common ground improvement methodologies to
enhance the engineering properties of clay deposits are preloading, surcharged-preloading,
vacuum-preloading, vertical drain, prefabricated vertical drain (PVD), stone column, and
chemical stabilization (see also Indraratna et al. [4]; Meena et al. [7]). The application of
these technologies depends on many factors, such as subsurface foundation properties,
construction cost and time, and the importance of the geotechnical structure. However, the
Queensland Department of Transport and Main Roads (QDTMR) found that preloading
and surcharged-preloading were the most cost-effective ground improvement methods for
the Nerang Broadbeach Roadway (NBR) embankment foundation.

The objective of this paper is to investigate long-term performance of embankments
founded on soft clay. When any geotechnical structures are founded on problematic soft
clay, as with the NBR embankment, it is essential to predict their long-term performance in
order to minimize maintenance cost. In this regard, to address similar challenges, there
are numerous numerical models, ranging from elastic models to elasto-viscoplastic mod-
els [8–10]. In the last few decades, a critical state theory-based elasto-plastic model, such as
the Modified Cam Clay (MCC) model [11], has been widely used to predict clay behavior.
The MCC model prediction of the coupled hydro-mechanical response of remolded clay
has reasonable accuracy. However, from comparison of the observed and the predicted
results for the Hall’s Creek test embankment in Canada [12], the Leneghans embankment
in Australia [13], the Port of Brisbane in Australia [14], and the Murro test embankment in
Finland [15], it is observed that the MCC model has underpredicted the measured responses
of soft clays. Therefore, to obtain the realistic behavior of clays, it is important to integrate
time-dependent viscosity in the formulation of the constitutive model [16], which is the
motivation for the development of elasto-viscoplastic models in this paper.

In the literature, EVP model parameters range from six to forty-four [8,9]. However, to
avoid complex mathematical formulations, EVP models have been limited to the associated
flow rule in most cases. However, Zienkiewicz et al. [17], among others, reported the
importance of the non-associated flow rule model for capturing soft clays’ legitimate
behavior. Moreover, for prediction of any real embankment’s performance, there are
challenges associated with simplicity of model development and accurate determination of
model parameters. Describing the subsurface properties of any problematic soft clay deposit
requires special attention. In this regard, along with laboratory tests, the interpretation of
field test data, e.g., cone penetration tests (CPT) and piezocone dissipation tests (CPT-u)
(see Robertson [18]), may strengthen the delineation of the embankment’s foundation layer.
The embankment foundation’s accurate stratification is the primary condition for predicting
long-term performances.

We presented a small portion of the Nerang Broadbeach Roadway embankment data
in Islam et al. [6]. In this paper, we demonstrate a complete version of the NBR embankment
including details of geology, subsurface, and geotechnical properties. We did not present
a CPT interpretation of EVP model parameters in Islam et al. [6]. Herein, we discuss
details of a CPT interpretation of the NBR embankment’s foundation, and a comparison
with laboratory-measured identical values. We also utilise the NBR embankment’s long-
term field monitoring data for settlement plates and piezometers. We developed two
elasto-viscoplastic (EVP) models to predict the NBR embankment’s observed data. The
EVP models’ predictions are compared with the MCC model’s predictions. Details of the
EVP models’ formulation, validation, and sensitivity analyses are presented in Islam and
Gnanendran [8], Islam et al. [9], and Islam and Gnanendran [10]. We also discussed in our
earlier papers the importance of a single surface model and multi-surface model. As we
compared the predictions of the EVP and MCC models, we formulated two EVP models
considering the MCC equivalent single surface model to evaluate the importance of the
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viscous behavior of natural clay. In the following sections, we discuss details of the NBR
embankment and its finite element simulations.

2. Geology of the Embankment

The NBR embankment was constructed in 2001. It is located close to the Gold Coast
Highway and the southern part of the Surfers Paradise in Australia’s Queensland region.
The NBR embankment’s length and width are 1.30 km and 20.00 m to 28.00 m., respec-
tively. The roadway sections are divided into four zones based on the preloading and
surcharged-preloading height. They are Zone 1 (3.50 < H < 4.50), Zone 2 (2.50 < H < 3.50),
Zone 3 (1.50 < H < 2.50) and Zone 4 (H < 1.0). However, the QDTMR reported that the
first two sections were problematic (Main Roads [19]; Main Roads [20]; Main Roads [21];
Main Roads [22]) due to (i) the compressible soft clay layer, (ii) the presence of the organic
component, (iii) the stability problem, and (iv) ongoing time-dependent settlement due to
the viscous nature of the clay deposit. Therefore, the QDTMR installed a total of 18 settle-
ment plates and three piezometers to monitor the long term responses of the embankment
foundations. The QDTMR did not install inclinometer or other instrumentation for the
NBR embankment. We present the embankment construction area in Figure 1.

Figure 1. The Nerang Broadbeach Roadway embankment near Chainage 550.

The site plan and the investigation locations and monitoring points are presented in
Figure 2a. The NBR embankment’s longitudinal section is demonstrated in Figure 2b. It is
worth noting that close to the Gin House Creek (see Figure 2), clay deposits involve a soft
compressible clay layer with 8.4% organic contents. In the following sections, we discuss
the geology of the NBR embankment.

The NBR embankment’s geology consists of soft sensitive clay overlaying the greywacke
and the argillite bedrock. The clay is the Cainozoic Estuarine alluvial type with a thickness
of 5.00 to 21.00 m. The NBR embankment’s foundation is divided into three distinct layers.
They are the upper alluvium, the lower alluvium, and the bedrock (Figure 2b). Details are
presented below.

The upper alluvium developed mainly due to the flood plain deposit generated from
the existing drainage systems. It reflects the Estuarine and the dunal depositional history,
and consists of a mixture of silt, sand, and clay. The layer composition is not uniform. The
upper alluvium layer’s depth varies from 2.00 m to 6.00 m.

The lower alluvium was intercepted in boreholes between the upper alluvium and the
bedrock (see Figure 2b). The thickness of this layer varies between 2.0 m to 20.0 m. The
mangrove mud developed the alluvium layer. This layer consists of the older alluvium, in-
cluding over consolidated mangrove muds, river channels, and flood plain deposits. River
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channels have been cut close to this deposit. From borehole reports and cone penetration
test data, the lower alluvium is divided into three sub-divisions depending on physical
properties. They are silty clay-1, silty clay-2, and silty clay-3. The lower alluvium is highly
compressible and considered soft to stiff clay.

Figure 2. The Nerang Broadbeach Roadway embankment’s (a) site plan and (b) cross-sections.

The bedrock is the lowest level, which consists of the greywacke and the argillite
bedrock of the Neranleigh–Fernvale beds.

3. Subsurface Profile of the Embankment

The QDTMR carried out two subsoil investigations to explore the NBR embank-
ment’s geotechnical properties in 1991 and 1999 (see Main Roads [20,21]). These reports
indicated poor foundation conditions. Therefore, from 2000 to 2001, the QDTMR performed
additional investigations (Main Roads [22,23]). These inspections include six boreholes,
twenty electric cone penetrometer tests (CPT), four piezocone dissipation tests (CPT-u),
field vane shear tests, and pocket penetrometer tests. Details of investigation locations are
also illustrated in Figure 2a. In the following sections, we present the subsurface profile of
the NBR embankment.

Along the NBR embankment length, the Gin House Creek (see Figure 2) is the most
problematic zone, and is also the point of interest in this paper. The observed monitoring
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data of the Gin House Creek area and the finite element simulations are compared herein.
CPT and CPT-u tests data close to the Creek location of the embankment are presented in
Figure 3. The subsurface stratification of the embankment was performed using boreholes
data, laboratory tests, CPT, and CPT-u data.

Figure 3. Cone penetration test data of the Nerang Broadbeach Roadway embankment at chainage 400–500.

From boreholes and CPT data, it was observed that in the Reduced Level (RL) 1.19 m
to −2.00 m, the soil deposit was dark grey, lightly moist, loose silty sand. In this layer,
the organic root fragments were also noticed. Then, at RL = −2.00 m to −5.90 m, the soil
was grey, wet, very loose to loose sand. From the vane shear test report, a similar soil
type was found at this depth. Robertson and Cabal [23] and Mayne [24] reported that
during the CPT test in sandy layers, negative pore pressure developed due to the dilation
of granular materials. Identical negative pore pressure responses were observed in CPT
data at RL = −3.50 m (see Figure 3). At RL = −5.90 m to −7.00 m, soft grey moist clay with
shells representing a silty clay-1 layer was noticed. At RL = −7.00 m to −11.00 m, there
was a silty clay-2 layer that was dark grey, moist, and soft to firm silty clay with traces
of shells and shell fragments. A silty clay-3 was observed at RL = −11.00 m to −21.50 m,
where the Estuarine mud was brownish grey, moist, and stiff to very stiff. A thin sand
lens was observed from CPT test data at RL = −17.00 m to −18.00 m (see Figure 3). After
RL = −21.50 m, a dense silty clay to dense sand layer was noticed.

In general, the permeability of sand is high, while in clay, permeability is low (see
Mayne [24]). Therefore, the pore pressure developed in the sandy layer is small compared
to the clay layer. The cone tip resistance increases in the sand layer, but the frictional
resistance decreases (see also Mayne [24]; Robertson and Cabal [23]). The pore pressure
and the hydrostatic pressure ratio for sandy soil is less than or equal to 1.0. The ratio for
soft clay is about 3.0, and increases with the increase of the clay layer’s stiffness. Similar
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trends for sand and clay layers were observed in RL = 1.19 m to –5.90 m and RL = −5.90 m
to −21.50 m, respectively (see Figure 3).

We illustrate Robertson’s [25] proposed CPT-based soil classification in Figure 4. It
was observed that in most cases, the NBR embankment’s foundation soils fall in Zones 3 to
6, representing clay, silty clay, silty sand, and sand. Soils in Zones 1 and 2 (see Figure 4),
demonstrate sensitive fine grained to organic clay. Laboratory tests also showed 8.35%
organic content at 10.0 m to 10.4 m depth. The particle size distribution (PSD) of the
undisturbed samples is presented in Figure 5. The experimentally observed PSD and
the organic content test also support the CPT interpretation of the NBR embankment
foundation’s clay.

Figure 4. Robertson et al. (2009) soil classification: (a) Qt − Fr and (b) Qt − Bq.



Appl. Mech. 2022, 3 20

Figure 5. The particle size distribution of the Nerang Broadbeach Roadway embankment foundation.

4. Geotechnical Properties

A series of 50.00 mm undisturbed samples were collected from different depths of
the NBR embankment’s foundation. Then, laboratory tests were performed to discover
the NBR embankment foundation’s geotechnical properties. Moreover, we interpret CPT
and CPT-u test data to delineate the NBR embankment foundation and compare it with
boreholes data and laboratory tests to justify the foundation stratification. In the following
sections, we discuss the geotechnical properties of the Gin House Creek area. Moreover, we
consider similar embankment sections for coupled finite element simulations (see Section 5).

The NBR embankment foundation layer at the chainage 400 to 500 (see Figure 2a),
comprised a silty sand layer, loose sand, silty clay-1, silty clay-2, sand lense, and silty clay-3.
The saturated unit weight obtained from the laboratory experiments in these locations
ranged from 14.44 kN/m3 and 19.92 kN/m3, as is illustrated in Figure 6.

CPT interpreted saturated unit weight is presented as (see Mayne [24])

γSat = 8.32 log Vs − 1.61 log z (1)

where z is the soil layer depth, while Vs is the shear wave velocity (m/s). γSat in kN/m3
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For the NBR embankment foundation layer, it is observed that Hegazy and Mayne’s [26]
proposed Vs illustrated well the experimentally obtained γSat (see Equation (1)) and is
given by

VS = [10.1 log qt − 11.4]1.67
[
(

fs

qt
) 100

]0.30
(2)

Here VS in m/s, qt = qc + u2(1− a) while qt and qc are the corrected cone resistance
and the cone resistance, respectively. u2 is the measured pore pressure behind the cone,
and a is the net area ratio, which ranged between 0.70 and 0.85 (see also Mayne [24]). In
addition, fs is the sleeve friction. Following Robertson and Cabal [23], the unit weight is
written as

γ

γw
= 0.27 log R f + 0.36 log

(
qt

σatm

)
+ 1.236 (3)

where R f =
fs
qt
× 100%, γw is the unit weight of water, σatm is the atmospheric pressure,

and R f is the friction ratio.
A comparison of the laboratory measured saturated unit weight and the CPT inter-

preted values is presented in Figure 6. An average saturated unit weight is calculated from
three sets of CPT data (see Figure 3). It is observed that laboratory measured γSat fitted
best with the CPT interpreted average γSat (see Figure 6). However, a deviation of two data
points was observed at 13.2 m and 14.0 m depth, which are located at BH1 (see Figure 2a).

The moisture content (24.0 to 101.0%), the plasticity index (15.0 to 33.0), and the liquid
limit (35.0 to 68.0) of the NBR embankment’s foundation were obtained from the laboratory
tests which are illustrated in Figure 7.

Figure 6. Saturated unit weight of the Nerang Broadbeach Roadway embankment foundation.
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Figure 7. Liquid limit, plasticity index, and moisture contents of the Nerang Broadbeach Roadway
embankment foundation.

It is important to note that the critical state line slope (M) (see Roscoe and Burland [11]),
is related to the internal friction angle (ϕ). The relation between M and ϕ depends on many
factors (see also Budhu [27]). For the axisymmetric compression, we find Mc =

6sinϕc
3−sinϕc

and

for the axisymmetric extension Me =
6sinϕc

3+sinϕc
(Roscoe and Burland [11]). First, ϕ is obtained
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from laboratory tests. Then, ϕ is also interpreted using CPT data. In this regard, following
two procedures were considered.

Mayne and R.G. [28] presented ϕ as

ϕ = 29.50 B0.121
q

[
0.256 + 0.336 Bq + log Qt1

]
(4)

Qt1 =
qt − σvo

σ′vo
(5)

Bq =
u2 − u0

qt − σv0
(6)

where σvo and σ′vo are the total stress and the effective stress, respectively. Qt1 and Bq are
the normalized parameters, which represent the ratio of the cone tip resistance and the pore
pressure, respectively. u0 is the hydrostatic pore water pressure, while u2 is the generated
pore water pressure behind the cone tip resistance (see also Figure 3). The expression of qt
and u2 was defined earlier.

Kulhawy and Mayne [29] obtained ϕ as

ϕ = 17.6 + 11Qtn (7)

Qtn =

(
qt − σv0

σatm

)(
σatm

σ′vo

)n
(8)

n = 0.38Ic + 0.05
(

σ′vo

σatm

)
− 0.15 (9)

Ic =
[
(3.47− log Qt1)

2 + (log Fr + 1.22)
]0.5

(10)

Fr =

[
fs

qt − σv0

]
100% (11)

where Qtn and Fr are the normalized cone tip resistance and the normalized friction ratio,
respectively. It is worth mentioning that if n = 1, Qtn = Qt1 (see Equation (5)).

Two types of CPT interpretations for ϕ (see Equations (4) and (7)) are presented in
Figure 8. For the NBR clay deposit, the Mayne and R.G. [29] method overpredicted the
angle of internal friction, while Kulhawy and Mayne [29] underpredicted ϕ. However, it is
found from Figure 8 that the average of these two methods (see Equations (4) and (7)) is
nearly identical to the experimentally measured angle of internal friction.

The lateral earth pressure (K0) (see also Michalowski [30]) for the normally consol-
idated (NC) clay (see Jaky [31]) and the over consolidated (OC) clay (see Mayne and
Kulhawy [32]) are written as

KNC
0 = 1− sinϕ (12)

KOC
0 = KNC

0 OCR−
1
2 (13)

In Equation (13), the OCR represents the over consolidation ratio, which is the ratio
of the preconsolidation pressure

(
σ′p
)

and the present effective vertical stress (σ′vo). The
interpretation of σ′p using the CPT data is presented as follows

Undisturbed soil samples were collected to obtain the preconsolidation pressure at
depths of RL = −6.50 to −6.90 m, RL = −7.00 to −7.40 m, RL = −10.00 to −10.40 m and
RL = −11.50 to −11.90 m. Soil samples of these layers represent silty clay-1, silty clay-2,
and silty clay-3, respectively. The oedometer test were performed on undisturbed samples.
A comparison of the laboratory obtained preconsolidation pressure and CPT interpreted
values are presented in Figure 9. We used PCP1, PCP2, and PCP3 data (see Figure 3) for CPT
data interpretations. Additionally, Mayne and Brown [33] proposed CPT interpretation for
σ′p as follows

σ′p = 0.101σ0.102
atm G0.478

0 σ′v0
0.420 (14)



Appl. Mech. 2022, 3 24

Go = 0.0188
[
10(0.55Ic + 1.68)

]
(qt − σvo) (15)

where G0 is the small strain shear modulus, and Ic is obtained from Equation (10). An
average line for σ′p was plotted from CPT interpreted values. The upper and the lower
bound lines were plotted considering the single standard deviation of the average line as
illustrated in Figure 9. It is observed that the oedometer test data were in between two
bound lines.

Mayne [24] stated that the cohesion intercept (c) is 2.0% of σ′p and zero, respectively,
for the short time loading and the long-term loading. Robertson and Cabal [23]; Mayne [24]
reported a co-relation for the undrained shear strength (su) as

su =
qt − σvo

Nkt
(16)

where Nkt is the bearing capacity factor which depends on many conditions including the
loading direction, stress state, strain rate, boundary conditions, and sample disturbances
(see also Mayne [24]). Therefore, it is challenging to obtain a unique correlation for Nkt
from CPT interpretation. Robertson [34] presented the expression of Nkt as follows

Nkt = 10.5 + 7 log(Fr) (17)

Also, Budhu [27] presented an expression for Nkt based on the plasticity index (PI)
greater than 10.0. Vesic [35] presented a correlation for Nkt considering the rigidity index of
soil. In addition, assuming Nkt ∼ 14, Robertson and Cabal [23] presented the following:

su

σ′vo
∼ 0.071Qt1 (18)

Figure 8. Cont.
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Figure 8. Angle of internal friction of the Nerang Broadbeach Roadway embankment foundation. (a)
PCP1, (b) PCP2 and (c) PCP3.
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Figure 9. Preconsolidation pressure of the Nerang Broadbeach Roadway embankment’s foundation soil.

Qt1 was defined in Equation (5). Assuming that the sleeve friction ( fs) measures the
remolded shear strength (su)Remolded

, we find (see also Robertson and Cabal [23])

(su)Remolded

σ′vo
=

fs

σ′vo
(19)

The CPT interpreted soil sensitivity is obtained from Equations (16) and (18) as (see
Robertson and Cabal [23])

st =
su

(su)Remolded

=
7
Fr

(20)

Fr was presented earlier in Equation (11). Robertson and Cabal [23] reported that
the fs value is too low for st > 10. Therefore, CPT interpretation for st may not provide
accurate results for highly sensitive clay (see also Robertson and Cabal [23]).

On the other hand, the undrained shear strength was obtained from the vane shear
tests at depths of 4.40 m, 5.90 m, 7.90 m, 9.80 m, 11.90 m, and 13.80 m. The maximum
undrained shear strength ranged from 30.0 kPa to 92.0 kPa. Also, the NBR embankment
foundation’s sensitivity was calculated from the ratio of the undrained shear strength of
the in-situ test to the remolded test. The sensitivity ranged from 3.75 to 7.0. The measured
undrained shear strength and the sensitivity of the NBR embankment’s clay deposits are
presented in Figure 10.
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Figure 10. Undrained shear strength and sensitivity of the embankment’s foundation soil.

A comparison of the measured sensitivity of the NBR embankment foundation clay
and the CPT interpreted values are demonstrated in Figure 11.

The oedometer tests were performed using 24 h load steps to measure the consolidation
properties. The consolidation tests result of the NBR embankment’s clay deposit are
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presented in Figure 12. It is observed that the ratio of Cc
1+e0

and Cs
1+e0

in Figure 12 are not
constant and change with the soil layer depth. Here, Cc, Cs and e0 are the compression
index, the swelling index, and the initial void ratio.

The fundamental structure of the elasto-viscoplastic models’ formulation is presented
in Figure 13 (see Islam and Gnanendran [8]), while Cc and Cs are two model parameters,
which can be either obtained from the laboratory tests or the CPT interpretation as below.

The coefficient of volume decrease (mv), Cc and Cs are presented as

Cc =
∆e

log
(

σ′v1
σ′vncl

) (21)

Cs =
∆e

log
(

σ′v1
σ′v0

) (22)

mv =
∆εv

∆σ′v
=

1
1 + e0

∆e
∆σ′v

(23)

where, εv is the volumetric strain, σ′v is the effective vertical stress, e is the void ratio, while
∆ demonstrates the change of quantities.

Using CPT relation, it is challenging to obtain the initial void ratio in Equation (21)–(23)
for the in situ condition. Therefore, CPT interpreted mv is used herein to calculate Cc and
Cs. Along the loading and unloading line mv is known as the compressibility index and the
recompressibility index. Robertson and Cabal’s [23] proposed method is used to deduce
mv with respect to the constrained modulus (D′) as follows

D′ = 1
mv

= αM(qt − σv0)
(24)

In Equation (24), αM depends on the soil behavior type index (Ic) (see Equation (10)).
For Ic > 2.2 and Qt1 < 14, αM = Qt1, while Ic > 2.2 and Qt1 > 14, αM = 14. Also,
for Ic > 2.2, αM and Ic relation can be obtained as αM = 0.0188

(
100.55Ic+1.68) (see also

Robertson [25]).
A comparison of the laboratory measured mv and CPT interpreted mv are presented

in Figure 14, which shows relatively good agreement. Robertson [34] also provided a
correlation for Cc and Cs considering Qt1 for Ic > 2.2. However, for the NBR embankment
foundation, such a correlation underpredicts the experimentally measured Cc and Cs
values. In this regard, Robertson [34] reported that Qt1 based CPT relationships for Cc and
Cs require additional improvement with respect to soil properties (e.g., plasticity index,
moisture content).

The viscous property of soft clay, e.g., the secondary compression index, (Cα) dom-
inates the creep phenomena. Hence, it is important to incorporate the viscosity of clay
in the finite element model formulation to foresee the time dependent performance of
roadway embankments like the NBR embankment. There are several definitions avail-
able in the literature for Cα (see also Liingaard et al. [16]). For example, Cαe =

∆e
∆ log t and

Cαε =
ε

∆ log t =
Cαe

1+e0
where e is the current void ratio; e0 represents the initial void ratio; t is

the time; ε demonstrates the vertical strain; Cαe and Cαε are the secondary compression
index in terms of the void ratio and the strain. For the long-term prediction of soft clay’s
viscous behavior, it is important to calculate Cα precisely. In this regard, there are several
methods available in the literature to obtain Cα. Examples include: (i) an experimental
method using the oedometer test or triaxial test (see Liingaard et al. [16]); (ii) empirical
relations obtained from experiments (see Mesri and Castro [36]); and (iii) interpretations
using cone penetration tests (see Tonni and Simonini [37]). We followed all three methods
for the NBR embankment.



Appl. Mech. 2022, 3 29

The laboratory measured Cα and Cc relationship for the NBR embankment foundation
clay is presented in Figure 15. It is observed that Cα may increase, decrease, or remain
constant with the increase of applied load. Also, Cα

Cc
ratio for the NBR embankment

foundation is 0.0341
(
n = 31, R2 = 0.94

)
, which supports Mesri and Castro [36]. The

dependency of Cα on the stress state is presented in Figure 16.
Among others, Tonni and Simonini [37] presented the following CPT interpretation

for Cα

Cαe = a(Qtn)
b (25)

where a and b are constants which can be obtained from the best plot data of Cαe mea-
sured from experiments and the interpretation obtained from CPT data. Qtn is defined in
Equation (8). For the NBR embankment foundation, a and b in Equation (25) are 0.303 and
−0.203, respectively. The Cαe and Qtn relation for the NBR embankment soils is illustrated
in Figure 17.

Again, the coefficient of consolidation in the horizontal direction (ch) is presented as
(see Teh and Houlsby [38])

ch =
T∗50 r2

0
√

Ir

t50
(26)

Figure 11. Measured and predicted sensitivity relation of the embankment’s foundation soil.
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T∗50 values for the u1 piezocone and the u2 piezocone are 0.118 and 0.245, respectively
(Teh and Houlsby [37]); r0 is the radius of the piezocone (35.7 mm); and t50 represents the
time for 50% dissipation, which is obtained following the root-time plot method (see Sully
and Campanella [39]). t50 values for the NBR embankment foundation’s soil are presented
in Table 1. Ir is the rigidity index, which is deduced using the critical state soil mechanics
theory as below (see Kulhawy and Mayne [29]).

Ir =
2
3

M
(

1 + e0

Cc

)
ln(10)

[1 + ln(OCR) exp(Λ)]

Λ(1−Λ)OCRΛ ; Λ = 1− Cs

Cc
(27)

where M is the critical state line slope (see also Roscoe and Burland [11]), e0 is the initial
void ratio, OCR is the over consolidation ratio. M, e0 and OCR are obtained from the
triaxial tests. Cc, Cs and e0 are presented in Figure 12.

Table 1. The NBR embankment’s Piezocone dissipation data.

Depth
(m)

Start
Pressure (kPa)

Dissipation
%

Dissipation
Pressure (kPa)

Dissipation
Time (min)

6.00 (PCP1) 257 50 156 79
7.00 (PCP1) 337 50 215 70

11.00 (PCP1) 400 50 256 31
13.00 (PCP1) 427 50 280 16
10.1 (PCP1) 332 30 256 27
15.0 (PCP1) 423 50 275 39.7
10.1 (PCP2) 310 30 241 38.4
15.0 (PCP2) 455 50 291 51.8
10.1 (PCP3) 338 50 215 70.6
15.0 (PCP3) 450 90 171 6.8

Figure 12. Consolidation test data of the embankment’s foundation soil.
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Figure 13. Relationship of compression index, recompression index and coefficient of volume decrease.

Figure 14. Relationship of the measured and predicted volume decrease coefficients.



Appl. Mech. 2022, 3 32

Figure 15. Relationship of the secondary compression index and compression index.

Figure 16. Relationship of the measured secondary compression index and stress state.
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Robertson [34] presented a simplified relation for ch as follows

ch =
(

1.67× 10−6
)

10(1−log t50 ) (28)

The units for ch and t50 in Equation (28) are m2/sec and minutes. The coefficient
of consolidation in the vertical direction (cv) is obtained from the laboratory tests and
demonstrated in Figure 18.
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The coefficient of horizontal permeability (kh) and ch (see Equation (26)) are presented
as (see Robertson and Cabal [23])

kh =
chγw

D′
(29)

where γw is the unit weight of water. ch and D′ are discussed in Equations (28) and (24),
respectively.
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A relation between the soil permeability and Ic (see Equation (10)) is also presented as
follows (see Robertson and Cabal [23] and Figure 19):

k= 100.952−3.04Ic ; 1 < Ic ≤ 3.27
= 10−4.52−1.37Ic ; 3.27 < Ic ≤ 4.0

(30)

A permeability profile of the NBR embankment foundation using CPT data is pre-
sented in Figure 19. Among others, Robertson and Cabal [23] demonstrated that for the
isotropic compressibility, the ratio of the consolidation coefficient in the horizontal to the
vertical

(
ch
cv

)
is similar to the coefficient of permeability ratio

(
kh
kv

)
in the same direc-

tion. Thereby, for known values of cv, mv and γw, the vertical permeability coefficient

(kv = cvmvγw) is obtained. Robertson and Cabal [23] presented benchmark values of
(

kh
kv

)
for geomaterials. In the literature, there is another approach named the “back analysis”
to obtain the ratio of ch

cv
or kh

kv
from the measured fitting data for settlement (see Karim

et al. [13]).

Figure 18. Measured vertical consolidation coefficient of the NBR embankment soil.
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Figure 19. Permeability profile of the NBR embankment soil.

5. Finite Element Modeling

For the finite element simulation of the NBR embankment sections, we developed two
fully coupled consolidated nonlinear elasto-viscoplastic models (EVP). In this regard, we
considered the associated and the non-associated flow rule (Islam and Gnanendran [8];
Islam et al. [9]; Islam and Gnanendran [10]). To formulate EVP models, we considered the
critical state theory (Roscoe and Burland [11]), the bounding surface theory (Dafalias [40]),
and Perzyna’s overstress theory [41]. The NAFR based EVP model requires three surfaces
(see also Appendix A). They are the potential surface

(
f̂
)

, the reference surface
(

f
)

, and
the loading surface ( f ). In Appendix A, we present details of surfaces (see Figure A1). We
also obtain the associated flow rule (AFR) EVP model assuming that f and f̂ are identical.

The number of EVP model parameters is six, which is divided into the MCC model
parameters and the secondary compression co-efficient (Cα). The MCC model parameters
are divided into three: (i) the consolidation parameters, viz., the normal consolidation
line slope

(
λ = Cc

2.3

)
, and the swelling line slope

(
κ = Cc

2.3

)
(see Figure 13); (ii) the strength

parameter, viz., the critical state line slope (M); and (iii) elastic parameters, viz., Poisson’s
ratio (ν) and the Young’s modulus, (E). We obtain the void ratio at unit mean pressure
(eN) in the mean pressure and the void ratio space from the triaxial test or the oedometer
test (see Figure 13). We considered the void ratio based Cα as the initial value for the finite
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element analysis. We introduced a generalized non-linear Cα function as follows (see Islam
and Gnanendran [10])

Cαi
Cαi−1

=

(
pi

pi−1

) λ−κ
αi−1

(31)

where Cαi−1 and Cαi are the secondary compression index at the known reference stress
state and the current stress state, while α = Cα

ln10 .
Moreover, we incorporated both EVP models in a numerical solver named a finite

element numerical algorithm (AFENA) [42]. We introduced the large deformation analyses
(LDA) (see Carter et al. [43]) to update nodal coordinates at the end of every load increment.
We present the EVP models in Appendix A. We demonstrate the EVP model parameters of
the NBR embankment section in Table 2.

Table 2. Finite element model parameters of the NBR embankment (Islam and Gnanendran [8]).

Soil Layer λ κ eN M σ
′
p Cα

Fill E = 3000 kPa, ϕ = 300, c = 5.0 kPa

Silty sand E = 5000 kPa, ϕ = 350, c = 2.5 kPa

Loose sand E = 7000 kPa, ϕ = 330, c = 1.5 kPa

Silty clay-1 0.36 0.060 2.10 1.28 159.52 0.029

Silty clay-2 0.42 0.043 3.73 1.25 105.36 0.033

Silty clay-3 0.29 0.030 2.61 1.20 132.20 0.023

Sand lense E = 3000 kPa, ϕ = 350, c = 5.0 kPa

Silty clay-3 0.29 0.030 2.61 1.20 287.18 0.023

Bed rock E = 15, 000 kPa, ϕ = 360, c = 50.0 kPa

In this paper, we discussed the procedure to obtain EVP model parameters from
CPT interpretation which is a new contribution compared to our previous papers. In this
regard, we also compared CPT interpreted EVP model parameters with the laboratory
measured values. Both EVP models were developed considering the MCC equivalent
surface to compare the MCC model prediction with EVP model. The objective of such
comparison is to investigate the effect of clay’s viscosity in the long-term monitoring of the
NBR embankment. Also, the purpose of two EVP models is to assess the flow rule effect of
the natural soft clay

We demonstrate the NBR embankment’s finite element (FE) geometry in Figure 20.
We also illustrate the construction history of the embankment sections in Figure 21. The
embankment’s length, width, and depth are 1.63 km, 20.0 to 28.0 m, and 5.0 to 21.0 m,
respectively. After initiation of geostatic conditions, we followed the staged construction
procedure (see Figure 21) for numerical simulation of the embankment. We assumed that
the outer vertical boundary and the bottom boundary were impermeable for the coupled
FE solutions. We extended the NBR embankment’s width and depth to 1.5 times on each
side to minimize the boundary effect. For the FE discretization, we used six node nonlinear
triangular elements. Besides, we applied the load incrementally to simulate the NBR
embankment’s construction history and to avoid the numerical convergence instabilities.

We assumed Poisson’s Ratio = 0.30, E = 3(1−2ν)(1+e0)p
κ ; p = σ′kk

3 ; e0 is the initial
void ratio.

We used two EVP models and the MCC model to characterize clay deposits of the NBR
embankment foundation for the coupled FE solutions. In addition, we considered the Mohr–
Coulomb model for the embankment’s fill materials, the foundation’s sand layers, and the
argillite bedrock. In this paper, we compare field observed data obtained from settlement
plates and piezometers with the EVP models and the MCC model predicted responses.

In the next section, we present observed and predicted responses.
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Figure 20. Finite element mesh used in the numerical solutions (Height, H = 3.0 m, 4.0 m) (see Islam
and Gnanendran [8]).
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6. Comparison of Observed and Predicted Responses

The QDTMR installed 18 settlement plates and three piezometers in December 1999 in
the vicinity of the Gin House Creek location of the NBR embankment to measure settlement
and pore pressure (see also Figure 2). The Creek area is considered as a problematic zone
due to the presence of organic components and compressible clay deposits. Therefore,
the QDTMR has applied three measures considering the location and the subsurface
conditions to avoid stability problems. They are: (i) 3.0 m preloading, (ii) 3.0 m preloading
and 1.0 m surcharging, and (iii) 4.0 m preloading. It is worth mentioning that the 3.0 m
preloading height section was monitored for 370 days. Then, 1.0 m surcharge was applied,
and additional monitoring continued to 590 days (see Figure 21). The 4.0 m preloading
embankment section was monitored for 390 days. The QDTMR started the surcharged-
preloading in February 2000.

We performed FE simulations using EVP models and the MCC model to predict the
NBR embankment foundation’s long-term behavior. In this paper, we limit our coupled FE
model comparisons to data from three settlement plates and three piezometers, considering
the available field data and the laboratory experiments on the undisturbed samples. We
observed that the MCC model predicted the measured settlements for both preloading and
surcharging until 60 days (see Figure 22) of the NBR embankment’s construction time. Then,
the MCC model started to underpredict the observed settlement. For 3.0 m preloading, the
underprediction in the MCC model after 370 days was 13.30%. The underestimation in
the MCC model developed as the MCC model formulation is incapable of modeling the
long-term viscous behavior of soft clay. We formulated the EVP models to account for the
creep of soil.

Islam and Gnanendran [10] proposed that the viscoplastic component of strain incre-
ment

( .
ε

vp
ij

)
(see Equation (A4) in Appendix B) is normal to the plastic potential. Therefore,

when
.
ε

vp
ij is calculated by assuming the AFR, where the potential surface and the reference

surface are the same (see Figure A1), the predicted settlement is lower than in the NAFR
model. In this regard, Islam and Gnanendran [10] also presented the importance of the
NAFR (see also Hashiguchi [18]) over the AFR considering the stress-dilatancy relation.

From the comparison of the observed and predicted settlement response of 3.0 m
preloading, we found that after 370 days, the underprediction in the AFR based EVP model
was 3.78%. In contrast, for identical conditions, the NAFR based EVP model overpredicted
1.12%. We also noticed a similar prediction in the MCC model and EVP models for 1.0 m
surcharging and 4.0 m preloading. Also, for 3.0 m preloading, the underprediction in
the AFR EVP model and the MCC model was relatively high compared to surcharged-
preloading and 4.0 m preloading which might be due to changes of the stress state during
the increase of the height of the fill material.

After 590 days for 1.0 m surcharging, we noticed that the underprediction in the
MCC model and the AFR based EVP model was 14.25% and 4.5%, respectively, while
the over-prediction in the NAFR based model was negligible. After 370 days for 4.0 m
preloading, we observed 20.0% and 5.0% underprediction in the MCC model and the AFR
based EVP model, respectively. In contrast, for similar preloading and duration, the NAFR
based EVP model prediction was reasonably good. We also observed that the MCC model
did not capture time dependent viscous behavior of the NBR embankment’s soft clay.
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Figure 22. Comparison of the measured and predicted settlement of embankments at the centerline.

For the NBR embankment foundation, the NAFR based EVP model well captured
measured settlement compared to the AFR based EVP model. We thus observed the
flow rule effect for the NBR embankment foundation’s natural soft clay. Moreover, from
comparisons of triaxial test results and EVP model predictions, Islam et al. [9] and Islam
and Gnanendran [10] reported a similar flow rule effect for the undisturbed natural soft
clay (e.g., the Osaka clay, the Shanghai clay, and the San Francisco Bay Mud).

In the NBR embankment’s 4.0 m preloading section, the QDTMR installed a total of
three piezometers at the reduced level (RL) = −4.60 m, −6.70 m, and −10.25 m for 217 days.
The QDTMR installed these piezometers to measure the excess pore water pressure (EPWP)
responses of the NBR embankment. We presented the observed and predicted EPWP
responses in Figures 23–25.

During the construction period, the NAFR EVP model underpredicted the measured
EPWP at RL = −4.60 m, then the model overpredicted the EPWP, as is illustrated in
Figure 23. After the peak EPWP, the MCC model underpredicted the EPWP, while the AFR
based EVP model overpredicted the EPWP. We observed that the finite element model
predictions obtained from the EVP models and the MCC model followed an identical
pattern for the piezometers at RL = −6.70 and −10.25 m, as presented in Figures 24 and 25,
respectively. We also noticed a variation in the models’ prediction for the piezometer at
RL = −10.25 m (see Figure 25). This might be due to the deviation of the piezometer from
the midpoint location and the increase of non-verticality.
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Figure 23. Observed and the predicted excess pore pressure at RL = –4.60 m.

Figure 24. Observed and the predicted excess pore pressure at RL = –6.70 m.
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Figure 25. Observed and the predicted excess pore pressure at RL = –10.25 m.

7. Conclusions

In this paper, we presented details of the NBR embankment’s geology, subsurface,
and geotechnical properties. We obtained the embankment’s subsurface profile from field
boreholes data comparing them with CPT and CPT-u tests interpreted data. We also
correlated the laboratory measured geotechnical data with CPT and CPT-u calculated
data, demonstrating reasonably good agreement of measured and calculated geotechnical
properties. We used CPT, CPT-u, laboratory, and field monitoring data to stratify the NBR
embankment foundation, which we also used for the coupled FE simulations. Moreover,
we found from the settlement plates data that the surcharged-preloading was effective for
the NBR embankment foundation for the identical height of preloading only.

We presented two elasto-viscoplastic models assuming the associated and the non-
associated flow rules. We compared measured settlement plates data with the EVP models,
and the MCC model predicted responses. We observed that the MCC model underpredicted
the long-term responses of soft clay settlement due to its time dependent viscous nature,
while the NAFR EVP model captured the measured data well. We also observed the effect
of the flow rule and the viscosity when predicting the excess pore water pressure (EPWP):
the NAFR EVP model predicted the measured EPWP reasonably well.
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Appendix A. Surfaces of the Elasto-Viscoplastic Models

We required the following three surfaces for the NAFR based EVP model (see also
Figure A1 and Islam et al. [9])

f̂ = p̂2 − p̂0 p̂ +

(
q̂
M

)2
(A1)

f = p2 − p0 p +

(
q
M

)2
(A2)

f = p2 − pL p +
( q

M

)2
(A3)

In Equations (A1)–(A3), f , f and f̂ are the loading surface, the reference surface and
the potential surface respectively, while pL, p0 and p̂0 are intersections of these corresponding

surfaces with the p-axis (Figure A1). Also, p = σ′kk
3 represents the mean pressure and q =[

3
2 (σ
′
d)ij(σ

′
d)ij

] 1
2 corresponds to the deviatoric pressure. M is the slope of the critical state line.
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Figure A1. Three surfaces of the NAFR based EVP model. 
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Appendix B. Strain rate of the Elasto-Viscoplastic Models

The strain rate tensor comprises of the elastic component
( .

ε
e
ij

)
and the viscoplastic

component
( .

ε
vp
ij

)
as follows

.
εij =

.
ε

e
ij +

.
ε

vp
ij (A4)

We obtain the elastic component in Equation (A4) as

.
ε

e
ij =

1 + ν

E
.
σ
′
ij −

ν

E

( .
σ
′
kk

)
δij (A5)

where E is the modulus of elasticity; ν is the Poisson’s ratio;
.
σ
′
ij is the effective stress tensor,

and δij is the Kronecker delta. Additionally, using Perzyna’s [41] concept, we obtain the
viscoplastic strain rate as

.
ε

vp
ij = 〈ψ(F)〉 ∂ f̂

∂σ̂′ij
(A6)

〈ψ(F)〉 =
{

ψ(F) : F > 0
0 : F ≤ 0

F = f− f
f

(A7)

From Islam, Gnanendran and Massoudi [9], we obtain the expression of ψ for the
non-associated flow rule as

ψ =
α0

tv0

(
pL
p0

) λ−κ
α 1

2p̂0

[
1
ξ −

1
2

] (A8)

ξ =
p̂0

p̂
= 1 +

( η0

M

)2
(A9)

η0 = −
6(λ− κ)− 2

√
9(λ− κ)2 + (2λM)2

4λ
(A10)

Additionally, in Equation (A6), using the chain rule for ∂ f̂
∂σ̂′ij

, we find

∂ f̂
∂σ̂′ij

=
∂ f̂
∂ p̂

∂ p̂
∂σ̂′ij

+
∂ f̂
∂q̂

∂q̂
∂σ̂′ij

(A11)

∂ f̂
∂ p̂

= 2
[

p̂− p̂0

2

]
(A12)

∂ f̂
∂q̂

= 2
q̂

M2 (A13)

∂ p̂
∂σ̂′ij

=
1
3

δij; δij =

{
1 i f i = j
0 i f i 6= j

(A14)

∂q̂
∂σ̂′ij

=


3
2q̂ (σ̂

′
ij − p̂δij) i f i = j

3
2q̂ (2σ̂′ij) i f i 6= j

(A15)

∂ f̂
∂σ̂′ij

= β2


2p
3 −

pL
3 −

3p
M2 +

3σ′ ij
M2 : i = j

6σ′ ij
M2 : i 6= j

(A16)
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β2 =
p̂0

p + q2

pM2

=
p̂0

pL
(A17)

p̂0 =
(p0)

λ
κ

(pL)
λ−κ

κ

(A18)

pL = p +
q2

pM2 (A19)

p0 = exp
(

eN − e− κ ln p
λ− κ

)
(A20)

We obtain
.
ε

vp
ij in Equation (A6), by combining Equations (A8) and (A16) as follows

.
ε

vp
ij = c1c2

(
pL
p0

) λ−κ
α

β2


2p
3 −

2pL
3R −

3(R−1)2 p
M2 +

3(R−1)2σ′ ij
M2 : i = j

6(R−1)2σ′ ij
M2 : i 6= j

(A21)

where, c1 = α0
tv0

, c2 = 1
2p̂0

[
1
ξ−

1
2

] .
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