
Chapter 8

The hardening soil model

8.1 Reasons for the election of the model

8.1.1 Introduction

The numerical modeling is going to be carried out by means of the finite-element method as
it allows for modeling complicated nonlinear soil behavior and various interface conditions,
with different geometries and soil properties.
PLAXIS program will be used, this program has a series of advantages:

• Excess pore pressure:Ability to deal with excess pore-pressure phenomena. Ex-
cess pore pressures are computed during plastic calculations in undrained soil.

• Soil-pile interaction: Interfaces can be used to simulate intensely shearing zone
in contact with the pile, with values of friction angle and adhesion different to the
friction angle and cohesion of the soil. Better insight into soil-structure interaction.

• Automatic load stepping: The program can run in an automatic step-size and
an automatic time step selection mode, providing this way robust results.

• Dynamic analysis: Possibility to analyze vibrations and wave propagations in the
soil.

• Soil model: It can reproduce advanced constitutive soil models for simulation of
non-linear behavior.

8.1.2 Model election: soil, pile and interface

The available soil models are (PLAXIS Version 8):

1 Linear elastic model: it is the simplest available stress-strain relationship. Ac-
cording to the Hooke law, it only provides two input parameters, i.e. Young’s modu-
lus E and Poisson’s ratio ν. It is NOT suitable here because soil under load behaves
strongly inelastically.However, this will be used to model the pile

2 Mohr-Coulomb model: it is a perfectly elastoplastic model of general scope, thus,
has a fixed yield surface. It involves five input parameters, i.e. E and ν for soil elas-
ticity, the friction angle ϕ and the cohesion c for soil plasticity, and the angle of
dilatancy ψ. It is a good first-order model, reliable to provide us with a trustful first
insight into the problem.

Advantages:
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• For each layer one estimates a constant average stiffness. Due to this constant
stiffness computations are quite fast and give a good first impression of the
problem.

Shortcomings:

• It can be too simple

Interfaces are normally modeled with this model

3 Jointed rock model: it is thought to model rock, NOT suitable here.

4 Hardening-soil model: it is an advanced hyperbolic soil model formulated in
the framework of hardening plasticity. The main difference with the Mohr-Coulomb
model is the stiffness approach. Here, the soil is described much more accurately by
using three different input stiffness: triaxial loading stiffness E50, triaxial unloading
stiffness Eur and the oedometer loading stiffness Eoed. Apart from that, it accounts
for stress-dependency of the stiffness moduli, all stiffnesses increase with pressure
(all three inputs relate to reference stress, 100kPa).

Advantages:

• More accurate stiffness definition than the Mohr-Coulomb model (stress-dependent
and stress-path dependent stiffness)

• Takes into consideration soil dilatancy

• The yield surface can expand due to plastic straining

Shortcomings:

• Higher computational costs

• Does not include viscous effects

• Does not include softening

5 Soft-soil-creep model: for soft soil (normally consolidated clays, silt or peat).
NOT suitable here.

6 Soft soil model: for soft soil (normally consolidated clays, silt or peat). NOT
suitable here.

For all the reasons presented above, Hardening soil model is the most appropriate to
model the soil.

More complex models can be implemented but then the user has to define them, and
this falls beyond the scope of this research.
Finally, fig. (8.1) shows the conclusions.

8.2 Theoretical background

The Hardening Soil model has been presented before as an hyperbolic model. Often hy-
perbolic soil models have been used to describe the nonlinear behavior; this is also a
suitable application in this research as sand usually behaves as a linear elastic material
with shear modulus G for shear strains up to ≈ 10−5, and afterward the stress-strain
relationship is strongly non-linear (Lee, Salgado, 1999). The background of this kind of
models is the hyperbolic relationship between vertical strain and deviatoric stress in pri-
mary triaxial loading. However, the Hardening-soil model is far better than the original
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Figure 8.1: Chosen models for numerical analysis with PLAXIS

hyperbolic model (Duncan and Chang, 1970) as it uses theory of plasticity instead of the-
ory of elasticity and because it includes soil dilatancy and a yield cap. In contrast to an
elastic perfectly-plastic model like Mohr-Coulomb, now the yield surface is not fixed but
can expand due to plastic straining.

The main characteristics of the model are:

• Stress dependent stiffness according to power law (defined by parameter m)

• Plastic straining due to primary deviatoric stress (defined by parameter Eref
50 )

• Plastic straining due to primary compression (defined by parameter Eref
oed )

• Elastic unloading/reloading (defined by parameter Eref
ur ,νur)

• Failure according to the Mohr-Coulomb model (defined by parameters c,ϕ,ψ)

In the Hardening Soil model, the associated flow rule is defined as a relationship between
rates of plastic shear strain γp and plastic volumetric strain ǫp

v; it has the linear form:

ǫp
v = sinψmγp (8.1)

where ψm is the mobilized dilatancy angle, defined as:

sinψm =
sin ϕm − sinϕcv

1 − sinϕm sinϕcv

(8.2)

with ϕcv the critical state friction angle, constant for a certain material, independent of
the density, and ϕm the mobilized friction angle that can be calculated:

sinϕm =
σ

′

1 − σ
′

3

σ
′

1 + σ
′

3 − 2c cos ϕ
(8.3)

According to Rowe’s stress-dilatancy theory (1962), material contracts for small stress
ratios (ϕm < ϕcv) and dilates for high stress-ratios (ϕm > ϕcv). At failure, the mobilized
friction angle equals the failure one and:

sinψ =
sin ϕ − sinϕcv

1 − sin ϕ sin ϕcv

(8.4)

sinϕcv =
sinϕ − sinψ

1 − sin ϕ sin ψ
(8.5)

The parameters of the model are those of Mohr-Coulomb for the failure criteria (c,ϕ,ψ);
in addition other parameters are introduced.
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• Secant stiffness in standard drained triaxial test:Eref
50 , and then:

E50(σ) = Eref
50

(

c cos ϕ − σ
′

3

c cos ϕ + pref sin ϕ

)

(8.6)

• Tangent stiffness for primary oedometer loading:Eref
oed

• Power for stress-level dependency of stiffness:m

• Unloading/reloading stiffness:Eref
ur (default: Eref

ur = 3Eref
50 ), and then:

Eur(σ) = Eref
ur

(

c cos ϕ − σ
′

3

c cos ϕ + pref sin ϕ

)

(8.7)

• Poisson’s ratio for unloading/reloading:νur(default: νur = 0.2)

• Reference stress for stiffness:pref (default: pref = 100 stress units)

• K0 value for normal consolidation:Knc
0 (default:Knc

0 = 1 − sin ϕ)

• Failure ratio: Rf = qf/qa (default: Rf = 0.9)

• Tensile strength: σtension (default: σtension = 0)

Also it defines the oedometer stiffness:

Eoed = Eref
oed

(

c cos ϕ − σ
′

1 sin ϕ

c cos ϕ + pref sin ϕ

)m

(8.8)

Note that the oedometer stiffness relates to oedometer testing, therefore to the compaction
hardening part. On the other hand, E50 and Eur relate to triaxial testing and so to the
friction hardening part. To explain the plastic volumetric strain in isotropic compression,
a second yield surface closes the elastic region in the direction of the p-axis. While the
shear yield surface is mainly controlled by the triaxial modulus, the oedometer modulus
controls the cap yield surface.

Figure 8.2: Cap surface of Hardening Soil model




