iriciedl applied
o sciences

Article

Application of Hardening State Parameter Constitutive Model
for Prediction of Overconsolidated Soft Clay Behavior Due to
Embankment Loading

Nikola Obradovié¢ *¥, Sanja Jockovié¢ and Mirjana Vukicevié

check for
updates

Citation: Obradovi¢, N.; Jockovig, S.;
Vukicevi¢, M. Application of
Hardening State Parameter
Constitutive Model for Prediction of
Overconsolidated Soft Clay Behavior
Due to Embankment Loading. Appl.
Sci. 2023, 13,2175. https://doi.org/
10.3390/app13042175

Academic Editor: Arcady Dyskin

Received: 17 January 2023
Revised: 3 February 2023
Accepted: 6 February 2023
Published: 8 February 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Faculty of Civil Engineering, University of Belgrade, 11120 Belgrade, Serbia
* Correspondence: nobradovic@grf.bg.ac.rs

Abstract: This paper investigates the possibility of the application of the HArdening State Parameter
(HASP) constitutive model for numerical modelling of overconsolidated soft clay under embankment
loading. The HASP constitutive model is a critical state soil model with a combined hardening rule
that uses a state parameter to determine the dilatancy of overconsolidated clay. The model overcomes
some shortcomings of the Modified Cam Clay (MCC) model in the prediction of overconsolidated
clay’s behavior, while preserving the simplicity and the same set of five parameters. The HASP
model was implemented in finite element software. In order to verify the applicability of the model
in predicting the behavior of soft overconsolidated clay due to embankment loading, two examples
reported in the literature are analyzed. The numerical predictions of the HASP model are compared
with the field measurements of ground settlements and pore water pressures, and with the MCC
model’s predictions. The results indicate that the HASP model predicts the development of the
settlements of the overconsolidated soft clay deposits with a high accuracy from an engineering point
of view. There are certain deviations from the field measurements in predicting the pore pressure
development, which is often observed for other models as well. For the embankment settlement
assessment, as important serviceability issue, the HASP model has an advantage over more complex
models that require a large number of parameters. Since the parameters of the HASP model are
obtained from standard laboratory tests, it can be easily applied for routine geotechnical analyses.

Keywords: numerical modelling; constitutive modelling; soft clay; overconsolidated clay; HASP;
PLAXIS; embankment

1. Introduction

Prediction of the behavior of soil as a foundation for various man-made structures
represents a very important part of geotechnical engineering. The types of soils and the
natural ground conditions are so diverse that the task of determining how the soil will
perform under an imposed load, or under various construction works, can be complex.
Thus, the development and application of advanced constitutive soil models, which can
include different aspects of soil behavior, is a very significant task for both researchers and
geotechnical engineers. A soft soil deposit can be very demanding for modeling, design,
and construction, even with the considerable developments in geotechnical engineering
during the past several decades [1]. Overconsolidated soft clays are acknowledged as one
of the most problematic soils because of their deficient mechanical properties [2]. The
mechanical properties of overconsolidated soft clays depend on the causes of overconsoli-
dation such as desiccation stresses due to moisture extraction by plant roots and surface
evaporation, secondary consolidation, changes in static groundwater level, and the erosion
of surface material [3].

Earthfill embankments, used for supporting roads, railroads and serving as floodwalls
along riverfronts and coastlands, are often built on soft soil deposits [4]. In the past,
embankments were built on firm soil in order to reduce construction costs, but in recent
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years, they are increasingly being built on sites consisting of soil layers with poor mechanical
characteristics [5]. Because of such geotechnical conditions, it is very important to accurately
assess the mechanical behavior of the soil, especially settlement. The use of numerical
methods, such as the finite element method, requires the proper formulation of constitutive
laws that can reproduce all of the important aspects of a soil’s behavior. A good way to
validate the suitability of the constitutive model used for clay soil is a comparison of the
predicted and field-measured behaviors [6].

One of the most widely used elastoplastic soil constitutive models for modeling clays’
behavior is the Modified Cam Clay (MCC) model [7]. Due to its simplicity, well established
model parameters, and its ability to satisfactorily predict some facets of clayey soil’s be-
havior, it is usually the first model of choice employed in numerical analyses [1,6,8-15].
Although the MCC model can adequately describe the behavior of normally or slightly
overconsolidated clay, it possesses certain drawbacks when used for overconsolidated
clays [16,17]. The Soft Soil (SS) constitutive model was developed for soft soils, such
as slightly overconsolidated clays, clayey silts, and peats, as a modification of the MCC
model [9,18]. The Soft Soil Creep (SSC) model is the improved SS model, with the ability
to model creep behavior of soft clays susceptible to secondary consolidation using the
logarithmic creep function [18,19]. Both SS and SSC combine the Mohr-Coulomb failure
criterion with the cap yield surface of the MCC model. One of the drawbacks of the pre-
vious three constitutive models is that they are isotropic yielding models. The S-CLAY1
and S-CLAY1S constitutive models are developed in the critical state framework, and can
account for plastic strain induced anisotropy (5-CLAY1) and anisotropy combined with
destructuration (5-CLAY1S) [9,10,20]. Application of the MELANIE model, which repre-
sents a modification of the MCC model for anisotropic conditions with a non-associated
flow rule, can be found in [14,21]. The MIT-E3 [22] constitutive model, based on bounding
surface plasticity, has also been used to predict overconsolidated soft clays’ behavior as
an embankment base [21,23]. The MIT-E3 model incorporates: anisotropic yield surface,
kinematic plasticity, strain softening behavior under undrained conditions, small nonlinear
elasticity using a closed loop hysteretic stress-strain formulation, and bounding surface
plasticity [24]. Other advanced constitutive models have been applied: the bubble model
of Al Tabba&Wood [25], the elastoplastic constitutive model with isotach viscosity [26],
and EVP-SANICLAY [1].

As the complexity of the mentioned constitutive models increases, the number of
model material parameters also increases. Many of those model parameters are difficult
to determine from conventional laboratory tests, and as a consequence, application of
these advanced models is limited for routine analyses. The HASP (HArdening State
Parameter) model is a critical state bounding surface constitutive model for describing the
mechanical behavior of overconsolidated clays [27]. It provides a more realistic prediction
of overconsolidated clay behavior while retaining the simplicity and the same number of
model parameters as the MCC model. The HASP model introduces a new expression of
the hardening rule with a state parameter as a state variable [28], and the yield surface
always passes through the current stress point, thus enabling elastoplastic behavior even
in the early stages of loading. The state parameter is a key parameter for describing
the typical behavior of overconsolidated clays, which is manifested by hardening, peak
strength, and softening under drained conditions, as well as the development of negative
pore pressures under undrained conditions.

2. Objectives of the Study

The estimation of the rate and total settlement of embankments is an important engi-
neering task, taking into account the necessity of maintaining the top elevation at the design
level. Considering that soft foundation soil is subjected to the processes of consolidation
and creep, large settlements can be induced, requiring the raising of the embankment
height [4]. The stiffness and strength anisotropy, and the rate-dependent behavior, of soft
foundation soil make the analysis challenging and computationally demanding. Most often,
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sufficient data to describe all the mentioned soil characteristics is not available, and simple
constitutive models are preferred in conventional design procedures.

The aim and the novelty of this study is to investigate the capabilities of the simple
HASP constitutive model in predicting the behavior of overconsolidated soft clay during
and after embankment construction. Using the state of the soil as an important determinant
of its mechanical response, and without introducing anisotropy and creep parameters in
constitutive relations, an attempt has been made to address the above-mentioned problem.

Thus, two examples of soft overconsolidated clay behaviors, due to embankment
loading, reported in the literature [6,8], are analyzed. For the selected embankments, there
was a good instrumentation system for monitoring settlement and pore water pressures
over time. Also, site investigation and laboratory testing were performed for both sites,
and calibrated material parameters for the MCC constitutive model were reported. The
same material parameters are adopted for the HASP model. The initial conditions are also
well-documented and reproduced in the study.

The numerical predictions are performed using the PLAXIS 2D software, in which
the HASP model was previously implemented via a user subroutine. Coupled hydro-
mechanical analyses were conducted with appropriate mechanical and hydraulic boundary
conditions. The obtained results are compared with the field measurements. The complete
numerical procedures in the study correspond to those described in references [6,8].

Additionally, in order to compare the HASP model predictions to predictions of other
constitutive models, in PLAXIS 2D, a series of numerical calculations were carried out
using the MCC model for clay layers. Although there are many other constitutive models
available in PLAXIS 2D that could be used for comparison, the available data from [6,8] for
the clay layers was insufficient to reliably determine the parameters of those models.

3. HASP Constitutive Soil Model

The relations of the HASP model are established on the following assumptions: soil is
isotropic, plastic strains develop from the very beginning of loading, and the hardening
parameter depends on the increments of the plastic volumetric and shear strains. The HASP
model is formulated in the triaxial p’ — g plane. It uses the MCC surface as the bounding
surface, and its size is defined by the value of maximum mean effective stress p;, (Figure 1a).
The bounding surface has all the properties of the MCC surface. The volume decreases and
the surface expands for stress ratios below the critical state line (CSL), while the volume
increases and the surface shrinks for stress ratios above the CSL. The yield surface expands
until peak strength is reached at the stress ratio 7 = M, after which it shrinks (softening)
until the critical state is reached. The HASP model is capable of predicting the saturated
clay response under monotonic drained and undrained loading sufficiently accurately,
as demonstrated in [27,29,30].

The point A (p/,q), representing the current stress state, is on the inner yield surface,
whose size is defined by the value of the mean effective stress pj, (Figure 1a). There is no
pure elastic domain and stress point A is always on the yield surface. Radial mapping
implies that point A corresponds to the conjugate point A(7’,7), so that the following
is fulfilled: _

== M

In order to use the HASP model to provide reliable simulations of practical boundary
value problems, the model relations must be defined in the general stress state. This
generalization can be efficiently performed by expressing the stress invariant g in terms of
the second invariant of the deviatoric stress tensor [>p:

q=+/3J2p- ()
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Figure 1. (a) Bounding surface concept; (b) State parameters [27].

The originally proposed yield and bounding surfaces in the deviatoric plane are
circles [27], which is consistent with the original formulation of the MCC model [7]. Because
a circle does not represent appropriately the failure conditions for soils, a modification is
introduced by replacing the constant critical state strength parameter M with proper Lode
angle dependent criterion, to define the shape of the yield and bounding surfaces in the
deviatoric plane. The yield surface is defined by:

2
F(p',9.0) = (M‘ZQ)> +p'(p = po) =0 ®)

While the bounding surface is defined by:

- \2

E(7.7.0) = q =l (= _ =/ 4
(¢',7,9) (M(9)> +7' (7 =), @
where M(6) is the gradient of the critical state line in ¢ — p’ plane for the current value
of 8. Many failure surfaces, which are continuous and agree well with the experimental
results in the deviatoric plane [31], have been suggested. A failure criterion dependent on
the Lode angle is introduced in the HASP model by means of the relation proposed in [32]:

M(8) = X-(1+ Y-sin30)%, (5)

where X, Y and Z are constants, determined in such a way that the appropriate shapes of
the yield and bounding surfaces are achieved. The use of this shape takes into account
the effect of the intermediate principal stress by allowing the simulation of the shear
strength variation in the deviatoric plane, and the fact that strength in triaxial compression
is different than in triaxial extension [33]. The Lode angle is expressed as [24]:

__Lgp1 (% 0
0= 3szn (2 q3>' (6)

where [3p is the third invariant of the deviatoric stress tensor. From Equation (6), a value
of # = —30° corresponds to triaxial compression, a value of § = 30° to triaxial extension
and a value 6 = 0° to plane strain conditions. For a constant Z in Equation (5), a value of
—0.229 is assumed in order to achieve convexity of the yield surface [32]. The magnitudes
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of the other two constants (X and Y) are determined from the condition that the value of M
obtained from triaxial compression and triaxial extension is matched. The plastic potential
is defined by:

2
P(p',q) = <M?(,C)> +7' (v —po) =0, @)

where 0. is the current value of the Lode angle at the point in stress space at which
the gradients of the plastic potential are required and therefore the plastic potential has
rotational symmetry [24]. As a consequence of that, the shape of the plastic potential in
the deviatoric plane is a circle. As the shape of the yield surface and plastic potential are
not the same in the deviatoric plane, the previously introduced modification makes the
HASP a model with a non-associated flow rule. A detailed discussion of the advantages in
adopting a non-associated flow rule for critical state soil models can be found in [24].

The HASP model uses the combined hardening rule, because the volumetric hardening
rule does not allow negative dilatancy to develop for overconsolidated soils before the
peak strength is reached. In order for the yield surface to continue expanding for stress
ratio values M < 1 < My, it is necessary to express the hardening rule as a function of the
plastic shear strain also [34,35], as follows:

v
dph = i (deh + 2del)), ®)

where v is the specific volume, A is the slope of the virgin compression line in v — In p’
plane, and « is the slope of the swelling line in the v — In p’ plane. A detailed discussion
of the parameter ¢ can be found in [27]. This new form of the combined hardening rule
considerably influences the stress path. It enables the effective stress path to cross the CSL
and reach the peak in drained conditions, while in the undrained test allows an “S” shaped
effective stress path. The hardening rule is defined by:

v
dpo = ——Podebw, )
where w is the hardening coefficient:

w= (1—|—§>R, (10)

where d is the dilatancy d = de,/ dsf;, and R is the current overconsolidation ratio:
Py Y
rR=EL_91_PF (11)
P49 Po

Expressions for the plastic strains of the HASP model can now be written as:

A—x11 [/ M*—5? 27
P _
dey = = (M2 +112dp/ + M+ dq), (12)

v pw
A—x11 27 4n? )
deh) = —— —— dp’ dq |. 13
T P’W<M2+112 P e e =) (19

Observing expressions (12) and (13), it is noticeable that the hardening coefficient is
at the same time the reduction coefficient for the plastic strains. Consequently, the plastic
strains of an overconsolidated clay in the initial loading stage, when the MCC model
predicts only elastic strains, can be significantly reduced with the adequate formulation
of the hardening coefficient. It is then possible to assume that the soil deforms plastically
from the very beginning of loading.

In the HASP soil model, dilatancy is not a function of the stress ratio # only, it also
depends on the state parameter ¥ [27]. The state parameter is defined as the difference
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between the current specific volume and the specific volume on the reference state line
(CSL) at the same mean effective stress (Figure 1b). The state parameter for the current
stress state, i.e., point on the yield surface, can be expressed as:

¥Y=v+Alnp —T, (14)

where I is the reference specific volume for p’ = 1 kPa on the critical state line in the
v —Inp’ plane. The detailed procedure on how to obtain the parameter I for the HASP
model can be found in [36]. The state parameter is negative for highly overconsolidated
clays, ¥ < 0, while for lightly overconsolidated and normally consolidated clays the state
parameter is positive, ¥ > 0. When the stress point reaches the CSL, then ¥ = 0. Also, the
state parameter for the conjugate point on the bounding surface can be expressed as:

(15)

Y= (/\—K)lﬂ( 2M* )

M2 412

The current overconsolidation ratio via the state parameters thus becomes:

g Y-v
R—p,—Z—exp()\_K) (16)

A detailed explanation for the ratio ¢/d in Equation (10) is given in [27], and the
following expression for the hardening coefficient is proposed:

w= (1+1F;1F)R. (17)

According to expressions (12) and (13), the main difference between the MCC model
and the HASP model is in the hardening coefficient. For normally consolidated clays,
it holds that ¥ = ¥, and the hardening coefficient is then w = 1. Then, the HASP model
predicts the same behavior as the MCC model for normally consolidated clays.

The HASP soil model includes the consolidation parameters A and «, the drained
strength parameters Mc and Mg, the Poisson’s ratio as elastic parameter y, and the void
ratio eg, which defines the initial state. The drained strength parameters Mc and Mg
represent the gradients of the critical state line in the g — p’ plane for the triaxial compression
test and triaxial extension test, respectively. Those two parameters are related to the friction
angles in compression () and extension (¢f):

6sind!
Mc = b (18)
3 —sind¢
o4
Mg = e (19)
3+ sindg

The elastic behavior is modelled using two parameters, ¥ and p. A constant value of
Poisson’s ratio, i, is used. The bulk modulus K’ and shear modulus G are defined by:
K — vp' 3(1— 2‘u)K’.

v G =

K 2(14u) 20)

The HASP soil model was implemented in the PLAXIS 2D software package via a
user subroutine using the Governing Parameter Method (GPM) as the stress integration
procedure [37,38].

4. Comparison of HASP and MCC Models

The MCC model is a very well-known isotropic elastoplastic soil model based on
the critical state concept [39]. The behavior of soil is elastic for a stress state inside the
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yield surface (bounding surface for HASP model), and elastoplastic for stress paths that
reach the yield surface. The MCC model has an associated flow rule. The shapes of the
yield surface and plastic potential surface are both circles in the deviatoric plane. The
HASP model includes the same model parameters as the MCC model (A, ¥, M, u and
ep). These material model parameters have clear physical meanings and can be easily
obtained from basic laboratory tests. The drained strength parameter M is a constant,
as opposed to being a variable in HASP model, as described in the previous section.
The hardening law of the MCC model depends only on the plastic volumetric strains
(volumetric hardening rule). On the other hand, the HASP model uses the combined
hardening rule (Equation (8)). The difference in predicting an overconsolidated clay’s
behavior in a consolidated undrained triaxial test for a Cardiff clay between the MCC and
HASP soil models is given in Figure 2 [27]. A detailed presentation of the test results can
be found in [27].
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Figure 2. CU triaxial test, Cardiff clay—deviatoric stress-axial strain relations [27]. OCR—overcon-

solidation ratio.

5. Finite Element Modelling of the Two Embankments
5.1. Saga Highway Embankment

The highway embankment is located at the deposits of soft Ariake clay near Saga City,
in Japan [6]. The embankment and foundation soil were instrumented in order to verify the
design soil parameters. Ground settlements and the change of excess pore water pressure
were monitored during the embankment’s construction and for three years after the end
of the construction. Extensive soil, field, and laboratory investigations were performed at
the location. Material model parameters, labeled as Class-C2 set in [6], were used in this
study. The soil profile consists of a 1.5 m thick surface layer of highly overconsolidated
clay. The surface layer is underlined by an 8 m thick layer of soft silty clay. Clayey sand
is located below the soft silty clay. The groundwater level is 1.0 m below the surface. The
embankment was constructed over 50 days, to a total height of 2.5 m. The base dimensions
(length x width) of the embankment were 46.8 m x 21.8 m, and its side slopes were
1:1.8 (vertical:horizontal). The top dimensions of the embankment were 37.8 m x 13.8 m.
A decomposed granite was used as the fill material. A cross section of the embankment
and the positions of sensors for measuring settlements, excess pore pressures, and lateral
displacements are shown in Figure 3. In the following sections, this embankment is referred
to as Embankment A.



Appl. Sci. 2023,13,2175

8 of 22

; 13.8m }
00m 25m éo \(\(“Q
1.5m Surface layer P; (1.4 m) A 1.0m
oL (28m)
P,(5.0m) o Inclinometer
Soft silty clay é (7.1m)
2 .
P;(83m) 4 o
9.8m P, (10.0 m) a8 3> ™)
120 mClayey sand 1 4 (12.0 m)

Ps (13.0m)
Clayey sand 2 4\ ettlement plate
15.0m

\Pore pressure gauge

Clayey sand 3
20.0m

Figure 3. Cross section of the embankment and key instrumentation points of Embankment A.
(adapted from [6]).

5.2. Teven Road Trial Embankment

Two test embankments were built near the coastal town of Ballina in the state of New
South Wales, Australia, as a part of a program to upgrade the Pacific Highway [8]. The
test embankments were instrumented with measuring equipment in order to determine
the soil’s behavior due to embankment construction. Detailed field and laboratory inves-
tigations were performed in order to obtain the soil parameters. One test embankment
was built on natural soil, while another was built on improved soil. Ground settlements
and the change of excess pore water pressures were monitored during the embankment’s
construction, and for three years after the end of construction. The highway section is
located in the floodplain near the mouth of Richmond River. The surface layer is about
1.0 m thick, a highly overconsolidated clay. Beneath it is an estuarine clay deposit, to a
depth of about 30 m, which is divided into two layers by a dense fine to medium grained
sand. The sand layer is lying almost horizontally, has a relatively high permeability, and can
be considered to be a horizontal drainage layer within the clay deposit. The clay layer above
the sand layer is soft, while the clay layer below it is firm to stiff (increasing with depth).
The base dimensions of the embankment were 84 m x 54 m, and its side slopes were 1:3.
The embankment was constructed to a total height of 1.6 m over 69 days. The groundwater
level is 1.0 m below the surface. A cross section of the embankment and positions of sensors
for measuring settlements and the excess pore water pressures are shown in Figure 4. In the
following sections, this embankment is referred to as Embankment B.

5.3. Numerical Models

A plane strain finite element analysis was used for all the numerical predictions. The
adopted finite element mesh and the boundary conditions are shown in Figures 5 and 6
for Embankments A and B, respectively. All numerical calculations were performed using
PLAXIS 2D. A finite element fully coupled flow-deformation analysis (i.e., consolidation
based on total pore water pressures) was used to perform numerical predictions. Fifteen-
node triangular elements were used. The used elements provide a 4th order interpolation
for displacements, and the numerical integration includes twelve Gauss points (stress
points) [40].



Appl. Sci. 2023, 13,2175 9 0f 22

54.0 ,
15.0 . 12.0 1.0
- 2 —
Om Surfacelayer —4g-m —Settfement
= PC2-1(30M) A plate A PC31(30m)
Soft estuarine Clay PC2-2 (50 m) A A PC3-2 (50 m) Inclinometer
PC2-3(7.0m) o A PC33(7.0m)

85m

Dense indurated sand

PC2-4 (10.0 m),
115m A

“Pore pressure
gauge

Soft to firm, stiff clay

30.0m

Figure 4. Cross section of the embankment and key instrumentation points of Embankment B.
(adapted from [8]).
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Figure 6. Mesh and boundary conditions—Embankment B.

For both embankments, the horizontal displacements were fixed at the left and the
right boundaries, while vertical displacements were allowed. Also, the horizontal and
vertical displacements were fixed at the bottom boundary for both embankments.
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Because both embankments are symmetrical, only one half of the embankment is
modelled. The modelled area for Embankment A had a total horizontal width of 60 m
and a vertical thickness of 22.5 m. The drainage boundaries for Embankment A were the
ground surface and the bottom boundary (sand layer), while both left and right bound-
aries were modelled as impermeable. The modelled area for Embankment B had a total
horizontal width of 94 m and a vertical thickness of 31.6 m. The impermeable boundaries
for Embankment B were the bottom boundary (stiff clay) as well as the left boundary. The
drainage boundaries for Embankment B were the ground surface and the right boundary.
The right boundary was chosen as a completely permeable boundary for Embankment
B in order to permit possible horizontal ground water flow across the boundary through
the sand layer (drainage layer). The previously described boundary conditions for both
embankments are the same ones as reported in [6,8].

The domain chosen for numerical modelling must be wide enough in order to min-
imize the influence of the boundary effects on the obtained results, and more than three
times the embankment width was selected. The modelled area for Embankment A was
discretized into 1620 elements and for Embankment B into 2319 elements. Mesh sensitivity
analyses were conducted to ensure that the adopted mesh was fine enough to produce
accurate results.

The first stage in the numerical calculations was to model the construction of both
embankments. Embankment A was built up to a height of 2.5 m in 50 days, and Embank-
ment B was built up to a height of 1.6 m in 69 days. Although the actual construction
sequence of Embankment B consisted of multiple stages with rest periods in between [8],
the results of an additional numerical analysis of Embankment B, with multiple construc-
tion stages, showed only small differences in the results compared to a linear evolution
of the embankment height with time. It was decided to model the construction of both
embankments in the same way. Computation is then continued up to four years after the
end of embankment construction (up to the end of the measurements) in order to estimate
the consolidation behavior. The results are given in terms of time (days) from the reference
time (day zero)—the beginning of the embankment construction.

The water table is assumed to be 1.0 m below the ground surface, and above this level
the clay remains saturated and can sustain tensile pore water pressures—suction. This
gives a finite value of the effective vertical stress and therefore the undrained strength at
the ground surface [41]. The conducted fully coupled flow-deformation analysis takes into
account suction in the saturated zone above ground water level table.

5.4. Material Model Parameters

In the numerical analyses, all the clay layers were represented by either the MCC
model or the HASP model. The embankments and all sand layers were represented with a
simple linear elastic-perfectly plastic Mohr-Coulomb model (MC). It is important to note
that no parameter calibration was done for the HASP model, and all model parameters
are the same ones as used in [6,8]. Tables 1 and 2 contain the numerical model parameters,
which are independent of the selected constitutive model for all soil layers. The model
parameters for the MCC and HASP soil models are given in Tables 3 and 4 for Embankments
A and B, respectively. The model parameters for the MCC and HASP soil models are the
same. The only difference is that the HASP model uses the parameters ¢ and ¢/ instead
of parameter M. For embankment A, the friction angle in compression is determined from
the value of M = 1.6, as reported in [6]. Since no value was given for the friction angle
in extension, it was taken to have the same value as the friction angle in compression for
Embankment A. For Embankment B, in [8] it was reported that the ratio of parameter Mf
in extension and parameter M¢ in compression was 0.8, and the value of ME is calculated.
Using Equations (18) and (19), the values of the friction angles in compression and extension
given in Table 4 for Embankment B are calculated. Therefore, the friction angles during
compression and extension are different for Embankment B.
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Table 1. Numerical model parameters for Embankment A.

kv ky,
. v* " ) POP KNC KOC€ 4 4 Ck
Depth Soil Strat. 0 0 10 10
epth [m] ollStrada  nNm*l -1 -] kPl -] [ [ £ ] [ e } ]
day day
0.0-15 Surface clay layer 16.0 0.15 1.50 40 0.51 1.48 6 9.1 0.6
1.5-4.0 13.1 3.71 15 0.73 10.4 15.6 1.48
4.0-6.0 . 19.9 2.88 10 0.62 17.3 259 1.15
6.0-8.0 Soft silty clay 14.1 015 57 5 051 o55 165 247 1.09
8.0-9.8 15.7 1.91 10 0.58 7 10.6 0.76
9.8-12.0 18.0 0.80 2500 2500 0.32
12.0-15.0 Clayey Sand 18.0 0.15 0.80 0 0.43 2500 2500 0.32
15.0-20.0 19.0 0.70 2500 2500 0.32
Embankment 19.0 0.30 0.80 0 043 very high -
* Volumetric weight.
Table 2. Numerical model parameters for Embankment B.
k k
POP  KNC K9C v " c
Depth Soil Strat i # €0 0 0 104 10~4 Kk
epth [m] ollStrad Nl -1 -] kPl -] [ [ . ] [ e } ]
day day
0.0-1.0 Surface clay layer 18.94 0.3 0.80 101 0.45 141 60.48 120.96 0.32
1.0-2.5 98 1.16
2.5-3.5 Soft clay 15.08 0.33 2.29 41 0.55 0.81 1.43 2.86 0.92
3.5-8.5 27 0.68
8.5-11.5 Dense sand 19.8 0.28 0.65 0 0.50 864 1728 0.26
11.5-15.0 6 0.55
15.0-20.0 Firm Clay 15.99 0.30 1.69 4 0.53 0.54 0.6 1.2 0.68
20.0-30.0 0 0.53
Embankment 18.0 0.30 0.5 0 0.53 very high -
Table 3. Soil model parameters for Embankment A.
MCC Parameters HASP Parameters
Depth i , ,
epth [m] Soil Strata -] AL-] MI-] b -] b []
0.0-1.5 Surface clay layer 0.025 0.25 1.6 39.17
1.5-4.0 0.107 1.07
4.0-6.0 . 0.119 1.19
6.0-8.0 Soft silty clay 0.084 0.84 16 39.17
8.0-9.8 0.066 0.66
9.8-12.0 MC parameters: E = 7500 kPa ¢ = 20 kPa ¢’ = 35° ¥ = 5°
12.0-15.0 Clayey sand MC parameters: E = 20,000 kPa ¢ = 20 kPa ¢’ = 35° ¥ = 5°
15.0-20.0 MC parameters: E = 37,500 kPa c = 20 kPa ' =35 ¥ =5°
Embankment MC parameters: E = 5000 kPa ¢ = 20 kPa ¢’ = 35° ¥ = 0°

The overconsolidation ratio (OCR) of the clay layers is reproduced using POP—pre-
overburden pressure. The value of POP for all clay layers is determined using Equation (21)
so the values of OCR reported in [6,8] are matched:

OCR =

o, +POP
!

’
v

(21)
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where 07, is the current value of the vertical effective stress. The used values of POP are
given in Table 1 for Embankment A and in Table 2 for Embankment B. The variation of
OCR with depth for both embankments is given in Figure 7.

Table 4. Soil model parameters for Embankment B.

MCC Parameters HASP Parameters
Depth i p ,
epth [m] Soil Strata <[] ALl MI[-] b -] b [-]
0.0-1.0 Surface clay layer 0.011 0.078 1.33 33 40.29
1.0-2.5
2.5-3.5 Soft clay 0.02 0.587 1.07 27 29.95
3.5-8.5
8.5-11.5 Dense sand MC parameters: E = 26,672 kPa c = 5 kPa &' =30°¥ =0°
11.5-15.0
15.0-20.0 Firm clay 0.009 0.134 1.11 28 3141
20.0-30.0
Embankment MC parameters: E = 5000 kPa ¢ = 10 kPa P =28°¥ =0°
OCR [-] OCR [-]
0 1 2 3 4 5 6 7 0 2 4 6 8 10 12

10

Depth [m]
w
Depth [m]
=
w

20

25

10 30
---Reported OCR ——Used OCR ---Reported OCR ——Used OCR

(a) (b)
Figure 7. Variation of OCR with depth for Embankment A [6] (a) and Embankment B [8] (b).

The values of the horizontal (kj,) and vertical (k,) hydraulic conductivities were the
same ones as used in [6,8]. The natural clayey soils exhibit permeability anisotropy—higher
permeability in the horizontal direction than in the vertical direction. For Embankment
A, the permeability anisotropy ratio ry = kj,/k, was set to 1.5 for all clay layers [42]. For
Embankment B, the permeability anisotropy ratio was set equal to 2.0 for all soil layers [8].
The values of kj, and k; listed in Tables 1 and 2 are the initial values for both embankments.
The values of hydraulic conductivity were allowed to change during consolidation with
void ratio, according to the Equation (22):

k = ko-10~(00—¢)/C, (22)
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where kq is the initial hydraulic conductivity, ey is the initial void ratio, k is the current
hydraulic conductivity, e is the current void ratio, and Cy is a constant. For Cy a value of
0.4eg was adopted for all calculations, as suggested in [43]. Because of the much greater
stiffness of sand layers than clay layers, the void ratio of the sand layers does not change
significantly during the calculation. As a consequence, the hydraulic conductivity of the
sand layers is unchanged throughout all the calculation phases for both embankments.

The coefficient of earth pressure at-rest for normally consolidated soil K)C for all soil
layers has the same value as reported in [6,8] for both embankments. For all layers except
the clay layers in Embankment A, K(I)\] € was determined by Jaky’s estimation [44]:

KYC =1 —sing, (23)

where ¢ is friction angle (given in Tables 3 and 4). For the clay layers in Embankment A,
Ky € has the same value as given in [6]. For the overconsolidated clay layers, the initial
horizontal effective stresses were calculated using the following equation [45]:

K§C = KNC-+/OCR. (24)
The values of K)'C given in Tables 1 and 2 are average values in a soil layer.

6. Results and Discussion
6.1. Embankment A
6.1.1. Settlement Predictions

Recorded settlement-time curves are given in Figures 8 and 9 for settlement plates Sy
and S;, respectively. As reported in [6], some problems arose for other settlement plates,
so those measurements will not be analyzed. From the settlement-time curves it can be
seen that the primary consolidation is finished at about three years after the beginning of
the construction.

1200 1400 1600

* Measured
== MCC
——HASP

Settlement [m]

-16
Elapsed time [day]

Figure 8. Comparison of settlement-time curves for Embankment A—Point Sy (surface).

0 200 400 600 800 1000 1200 1400 1600

¢ Measured
- - MCC

——HASP

Settlement [m]

-1.2 Elapsed time [day]

Figure 9. Comparison of settlement-time curves for Embankment A—Point S (2.8 m below surface).
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Both soil models predict the end of primary consolidation and flattening of settlement-
time curves four years after the beginning of construction. The reasons for the deviation
from the registered consolidation time are likely inadequate magnitudes of hydraulic
conductivities. In the embankment construction phase, when pore pressures increase and
effective pressures decrease, both models predict similar settlement magnitudes that are
close to those measured. In the phase of consolidation and dissipation of pore pressures, the
MCC model significantly underpredicts the settlements, on average about 20% compared
to the measured. The HASP model predicts settlements well, with an average deviation of
about 7% for point Sp and about 4% for point S;.

The prediction of the HASP model generally gives higher values of deformations
compared to the MCC model. Such results are expected, since the HASP model predicts
elastoplastic behavior from the very beginning of the deformation process, while the MCC
model predicts only elastic behavior within the initial yield surface (bounding surface for
HASP model).

The initial yield surface for the MCC model and the effective stress paths for the HASP
and the MCC models are shown in Figure 10. The effective stress path for the MCC model
remains in the elastic zone for a certain period, predicting deformations smaller than those
measured. On the other hand, within the HASP model a purely elastic region does not exist,
because the hardening coefficient w controls the magnitude of the plastic strains, which
allows elastoplastic behavior from the very beginning of the deformation process.

Centreline Om depth Centreline 2m depth

------ Initial bounding
surface
=== MCC

40 50 0 10 40 50

20 30 20 30
p' [kPa] p' [kPa]

Figure 10. Effective stress paths for HASP and MCC models for center line at 0 and 2 m depth for
Embankment A.

6.1.2. Excess Pore Pressure Predictions

Comparisons of the measured and predicted excess pore water pressures at the pore
pressure gauges P;, P», and P5 are shown in Figures 11-13, respectively. Very small values
of excess pore water pressures were measured at the other gauges so the comparisons are
not presented. Both the measured and predicted peak values of excess pore pressures occur
at the end of embankment construction. Afterwards, they reduce to their initial values.

¢ Measured

w
o

== MCC
= HASP

NN
o wn

-
[

=
o

Excess pore pressure [kPa]

1200 1400 1600

Elapsed time [day]

Figure 11. Comparison of excess pore pressure-time curves for Embankment A—Point P; (1.4 m
below the surface).
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Figure 12. Comparison of excess pore pressure-time curves for Embankment A—Point P, (5.0 m
below the surface).
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Figure 13. Comparison of excess pore pressure-time curves for Embankment A—Point P; (8.3 m
below the surface).

Generally, both models provide good predictions of excess pore pressures and their
dissipation over time, with a greater deviation for the points below the surface. As a result
of the rapid increase of load on the saturated low permeability clay layer, the HASP and
the MCC models predict the increase of pore water pressure during the construction of
the embankment, followed by full dissipation of the excess pore water pressure in the
process of consolidation. After reaching peak values, both models predict a sharp decrease

of excess pore pressures. Approaching the end of the calculation process, the difference in
predicted values between the two models is steadily reduced.

6.2. Embankment B
6.2.1. Settlement Predictions

Settlement-time curves are given in Figures 14 and 15 for settlement plates at the

surface—point A at the center of the embankment and point B 15 m from the center of the
embankment, respectively.

0.00

-0.05

o
-
o

0145 + Measured

- = MCC

Settlement [m]

o
o
o

= HASP

o
N
w

-0.30 .
Elapsed time [day]

Figure 14. Comparison of settlement-time curves for Embankment B—Point A.
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-0.25
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Figure 15. Comparison of settlement-time curves for Embankment B—Point B.

The discussion and considerations that apply to Embankment A are applicable to
Embankment B. The MCC model highly underpredicts the settlements (60% compared to
the measured), while the HASP soil model gives a good prediction for point A and slightly
overpredicts for point B. For Embankment B, differences in the strain magnitude are more
pronounced for the two models than for Embankment A. An explanation can be found in
Figure 16, which illustrates the effective stress paths. The stress path for the MCC model
remains in the elastic zone during the entire loading process, which represents one of the
main drawbacks of the MCC model for use in analysis with overconsolidated clays. On the
other hand, the HASP model predicts the development of plastic deformations from the
very beginning of the loading, and its predictions are consistent with the field data.

Centreline Om depth Centreline - 2m depth
80 80
------ Initial bounding
7
°r A 70 surface
60 et 60 1 eeflen, - \|CC
E 50 50 e HASP
£ 40 40 B .
o3y | & 30 | & , ——CSL
20 {5 B 20 |7
10 -« \/\ B 10 £+ «
: oo
0 : 0 ~2
0 20 40 60 80 100 120 0 20 40 60 80 100 120 140 160
p' [kPa] p' [kPa]

Figure 16. Effective stress paths for HASP and MCC models for center line at 0 and 2 m depth for
Embankment B.

6.2.2. Excess Pore Pressure Predictions

Comparisons of the measured and predicted excess pore water pressures at pore
pressures gauges PC2-1, PC2-2, and PC2-3 are shown in Figures 17-19. As reported in [8],
the measured data at other pore pressure gauges show some inconsistent variations over
time, so the comparisons for those are not included. As for the excess pore water pressure—
time curves for Embankment A, similar trends are observed.

The same as for Embankment A, both models overpredict the peak excess pore pres-
sures. The HASP soil model markedly overpredicts the excess pore pressures throughout
the whole calculation. Since the stress path is completely in the elastic range, the MCC
model underpredicts the excess pore pressure through the end of the calculation. It predicts
a rapid decrease in the excess pore pressures after reaching its peak values. At the end of
the calculation, both models seem to converge to similar values of excess pore pressures.
The predicted final values of the excess pore pressures from the MCC model indicates that
primary consolidation is ended, e.g., excess pore pressure—time curves have become a flat
line, while it still needs more time for total dissipation of the excess pore pressures in the
HASP soil model.
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Figure 17. Comparison of excess pore pressure-time curves for Embankment B—Point PC2-1 (3.0 m
below the surface).
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Figure 18. Comparison of excess pore pressure-time curves for Embankment B—Point PC2-2 (5.0 m
below the surface).
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Figure 19. Comparison of excess pore pressure-time curves for Embankment B—Point PC2-3 (7.0 m
below the surface).

As stated in [1], quantitatively accurate predictions of pore pressure variations over
time are a challenging task. Discrepancies between measured and predicted values are often
noted. There are numerus reasons for this, such as limitations of the constitutive model, the
numerical model, the nature of the instrumentation, and inadequate permeability which
does not represent the actual behavior of the subsoil [1,6,8].

6.2.3. Settlement of the Ground Surface

Comparisons of the measured and predicted settlements of the ground surface are
given in Figures 20-24. Measured settlements were available for settlement plates A, B,
C, and D (see Figure 4). Comparisons are given for day 20 (during the embankment
construction), day 69 (end of embankment construction), day 140, day 298, and day 1046.
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Figure 20. Comparison of the settlement of the ground surface for Embankment B—day 20.
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Figure 21. Comparison of the settlement of the ground surface for Embankment B—day 69.
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Figure 22. Comparison of the settlement of the ground surface for Embankment B—day 140.
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Figure 23. Comparison of the settlement of the ground surface for Embankment B—day 298.



Appl. Sci. 2023,13,2175

19 of 22

50

&
o

-100
A day 1046, M

= = day 1046, MCC
day 1046, HASP

-150

Settlement [mm)]

-200

-250

-300
0 10 20 30 40 50 60 70 80 90
x - coordinate [m]

Figure 24. Comparison of the settlement of the ground surface for Embankment B—day 1046.

As can be seen in Figures 20-24, both models produce the shape of the deformed
ground surface similar to the measured one. They both predict that the ground surface
outside of the embankment (point D) will first move upwards and then downwards. Both
models predict similar positions of zero ground movements.

The MCC model significantly underpredicts the ground surface settlements at points
A and B throughout the entire calculation. At point D, the deviation is much smaller,
because it is a point outside the embankment, where there are small additional stresses
from the embankment construction. The HASP model satisfactorily predicts the ground
surface settlement, except during the embankment construction (day 20).

After the end of the embankment’s construction, the HASP model always gives larger
settlements than the MCC model. In general, the HASP model again demonstrates that the
similar amount of settlement is mobilized as observed experimentally, due to the reasons
mentioned above.

7. Conclusions

The application of the HASP constitutive model for the numerical prediction of the
soft overconsolidated clay behavior due to embankment loading is presented. A fully cou-
pled flow-deformation analysis was performed in the PLAXIS 2D FEM software package.
Additional numerical predictions were conducted using the Modified Cam Clay model
for soft overconsolidated clay layers. The obtained results were compared to the field
measurements, consisting of settlements, excess pore water pressure recordings, as well as
ground surface settlement profiles.

Taking into account the state of the soil and the overconsolidation ratio as important
determinants of a soil’s mechanical response, the hardening coefficient of the HASP model
is introduced. There is no pure elastic domain, but the hardening coefficient reduces the
plastic strains and controls all elements of the mechanical behavior of overconsolidated
clays. Without explicitly taking into account anisotropy, destructuration and creep, excellent
agreement is obtained between computed values and field observations.

During the construction of the embankment, the HASP model can provide satisfactory
settlement predictions, which are qualitatively and quantitatively consistent with the field
measurements, while the MCC model fails to provide reasonable predictions. For these two
constitutive models, significant differences in the predicted strain magnitudes are observed.
Due to the overconsolidation of the surface layers, the MCC model predicts only elastic
strains, while the hardening coefficient of the HASP model adequately controls the whole
process of clay deformation. Thus, the overconsolidation ratio of the soft soil is the key
parameter controlling the amount of deformation of the deposit under the embankment
loading. On the other hand, deviations in predicting the development of pore water
pressures are observed for Embankment B.

Reliable numerical prediction of the mechanical behavior of embankments for sup-
porting roads, railroads, or for flood protection is an integral part of the infrastructure
management policy. The estimation of construction and postconstruction settlement of an
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embankment is a very important serviceability issue, considering the need to maintain the
embankment elevation at the designed level. Given that the parameters of the HASP model
are obtained by standard laboratory tests, and that reliable predictions of soil deformations
are achieved, the advantage over more complex models is clearly observed. From the
results of this study, it can be concluded that the simple HASP soil model can be used for
routine geotechnical analyses and conventional design procedures.
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Notation

[ constant

d dilatancy

det determinant

de increment of plastic shear strain

deg increment of plastic volumetric strain

din dilatancy at peak stress ratio

e void ratio

eo initial void ratio

kp, hydraulic conductivity of soil in horizontal direction
ko initial value of hydraulic conductivity of soil

ko hydraulic conductivity of soil in vertical direction
4 mean effective stress on yield surface

p mean effective stress on bounding surface
P size of yield surface—hardening parameter

0
P size of bounding surface—hardening parameter
q triaxial deviatoric stress on yield surface
q triaxial deviatoric stress on bounding surface
G elastic shear modulus
Jp second invariant of the deviatoric stress tensor
Jsp third invariant of the deviatoric stress tensor
K elastic bulk modulus
KN¢ coefficient of at-rest earth pressure for normally consolidated soil
KQ¢ coefficient of at-rest earth pressure for overconsolidated soil
M gradient of critical state line in g — p’ plane
My gradient of critical state line in g — p’ plane in triaxial compression
Mc maximum stress ratio
MEg gradient of critical state line in g — p’ plane in triaxial extension
N reference specific volume for p’ = 1 kPa on virgin compression line
OCR overconsolidation ratio
POP preoverburden pressure

R overconsolidation ratio
X,Y,Z constants

N stress ratio

0 Lode’s angle

K slope of an swelling line (URL) in v — Inp’ plane

A slope of the virgin compression line (VCL) in v — Inp’ plane
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2 Poisson’s ratio
v specific volume
¢ parameter in hardening rule which controls the influence of plastic shear strains on
hardening parameter
cb’c friction angle in triaxial compression
dE friction angle in triaxial extension
w hardening coefficient
r reference specific volume for p’ = 1 kPa on critical state line
b 4 state parameter for current stress point
b 4 state parameter for conjugate stress point
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