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Abstract: Cyclic and monotonic loaded offshore structures (e.g. piles, pipelines, cables, and suction-buckets) must
be designed and calculated considering the effects of the soil-structure interaction. An advanced constitutive soil
model must be used, but a simplified Mohr-Coulomb friction law is applied for the soil-structure interface. The Mohr-
Coulomb model is a simple bilinear friction model that cannot take into account monotonic and cyclic interface
phenomena. These include hardening, softening, and stiffness degradation under loading. However, we propose
two advanced hypoplastic interface models for fine- and coarse-grained soils with intergranular strain concept.
The intergranular strain concept has been proven to be an efficient way to model the small-strain deformation
and un/reloading behavior of soils. The intergranular strain concept is therefore used to enhance the prediction
capabilities of the hypoplastic interface models. Differences of the recent model formulation compared with previous
versions are presented and discussed based on simulation. This is followed by an application of different models in
finite-element simulations. The new models are used to simulate cyclic direct shear interface tests. Furthermore, the
advanced interface model is used for simulation of a torodial penetrometer penetration problem. Several aspects,
which are particularly important for offshore structures, are compared with the simple Mohr-Coulomb friction model.
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1 Introduction

The interface behavior of cyclic and monotonic
loaded offshore structures (e.g. piles, anchors, and
pipelines) is important for the service and limit state
of the geotechnical structure. In the last three
decades, many studies have highlighted the impor-
tance of soil-structure interfaces for global structural
performance. Especially for cyclic loading paths, the
interface should be considered accurately (DeJong
et al., 2006; Mortara et al., 2007; DeJong and West-
gate, 2009; Pra-ai and Boulon, 2017).
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In addition to experimental evidence, different
constitutive frameworks have been used to model the
cyclic behavior of interfaces. Many different models
have been proposed for granular materials such as
sand (Liu et al., 2006, 2014) and gravel (Zhang et al.,
2010; Saberi et al., 2016). Constitutive modeling of
clay interfaces is still scarce (Stutz and Mašín, 2017).

However, through an adaptable new framework
for the modeling of interfaces (Stutz et al., 2016;
Stutz and Mašín, 2017), this gap has been closed for
monotonic stress paths at interfaces. To extend this
framework, the well-known intergranular strain con-
cept (Niemunis and Herle, 1997) has been adapted to
model interfaces. The intergranular strain concept is
used in combination with a fine- and coarse-grained
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interface model as well as a reduced stress and strain
tensor notation. This intergranular strain model was
first used by Arnold (2008) to simulate cyclic loaded
interfaces. The approach of Arnold (2008) is en-
hanced by assuming simple shear conditions at the
interface.

After validating the new concept using experi-
mental data for granular interfaces, the models are
applied in some finite-element simulations to demon-
strate the capabilities and benefits in computation.
The results of a direct-shear interface test simulation
are discussed below.

In addition to the cyclic modeling of interfaces,
the influence of using more advanced interface mod-
els when dealing with sensitive marine clays is also
shown. A toroidal penetrometer (Yan et al., 2011;
Randolph et al., 2012; Stanier and White, 2015) has
been modeled and the influences of different model
combinations have been studied. The example is
chosen to demonstrate that the influence and choice
of interface model are also quite important in non-
typical examples.

This paper concludes with a brief discussion of
the results and gives an outlook for interface mod-
eling, taking into consideration the special needs in
offshore conditions.

2 Intergranular strain concept for
interfaces

The intergranular strain concept was developed
to prevent excessive ratcheting upon cyclic loading
and to model the small strain behavior of soil con-
tinua (Niemunis and Herle, 1997). By introducing an
additional state variable that represents the mirco-
mechanic interlayer deformation between the differ-
ent grains in the grain skeleton, the intergranular
strain concept has been developed. This concept is
used in many different constitutive applications to
model the small-strain and cyclic behavior of soils
(Henke and Grabe, 2008; Hong et al., 2017; Sheil
and McCabe, 2017). In addition, the intergranular
strain concept has been further improved and used to
invent a new class of hybrid elasto-hypoplastic mod-
els (Fuentes and Triantafyllidis, 2015; Triantafyllidis,
2015).

The intergranular strain concept was adapted
for the modeling of fine-grained soils by Mašín
(2013). Herle and Nübel (1999) and Arnold and

Herle (2006) developed the first hypoplastic interface
model. Stutz et al. (2016, 2017) and Stutz and Mašín
(2017) recently proposed different kinds of enhanced
hypoplastic sand and new hypoplastic fine-grained
interface models. These models have demonstrated a
good capability to model monotonic stress and strain
paths. However, these models are not able to capture
the stiffness at small strains and cyclic stress paths.
To improve and enrich these models, the extension
of the intergranular strain concept (Niemunis and
Herle, 1997) has been implemented into these mod-
els. Arnold (2008) implemented the first interface of
the intergranular strain concept. The reduced strain
and stress tensors (Arnold, 2008) are insufficient and
will be replaced by the approach proposed by Stutz
et al. (2016).

The intergranular model formulation of the hy-
poplastic models is expressed by

Ṫ = M : D, (1)

where M is a fourth-order tangent stiffness mate-
rial tensor, Ṫ is the stress rate tensor, and Ḋ is the
strain rate tensor. This tangent stiffness material
tensor is derived by interpolating between different
states. The intergranular strain symmetric second-
order tensor δ is used. The intergranular layer de-
formation and the soil skeleton rearrangement are
captured using δ. The normalized magnitude of the
intergranular strain is expressed as

ρ =
‖δ‖
R
, (2)

where R is the maximum constant value of the in-
tergranular strain. The directional tensor for the
intergranular strain is defined as

δ̂ =

{
δ/‖δ‖, if δ �= 0,

0, if δ = 0.
(3)

The stiffness M is calculated using the fourth-order
L and the second-order constitutive tensor N by the
following interpolation function:

M = [ρχmT + (1− ρχ)mR]fsL+{
ρχ(1−mT)fsL : δ̂ ⊗ δ̂ + ρχfsfdNδ̂, if δ̂ : D > 0,

ρχ(mR −mT)fsL : δ̂ ⊗ δ̂, if δ̂ : D ≤ 0,

(4)
where fs and fd are the barotropy and pyknotropy
factors, χ controls the non-linearity of the stiffness on



626 Stutz and Wuttke / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2018 19(8):624-637

the intergranular strain, mT is the ratio of the shear
modulus during 90◦ change of loading direction to
the elastic shear modulus, and mR is defined by the
ratio of the maximum shear modulus to the elastic
shear modulus. The evolution of δ̇ is expressed as

δ̇ =

⎧⎨
⎩
(
I − δ̂ ⊗ δ̂ρβr

)
: D, if δ̂ : D > 0,

D, if δ̂ : D ≤ 0,
(5)

where I is the unity tensor, and βr is a material
parameter controlling the intergranular strain rate
of decay.

Stutz et al. (2016) proposed using the following
intergranular strain tensor at the interface:

δ =

⎡
⎣δ11 δ12 δ13
δ21 δ22 δ23
δ31 δ32 δ33

⎤
⎦ =

⎡
⎣δn δx δy
δx δp 0

δy 0 δp

⎤
⎦ , (6)

where δx and δy are the intergranular strain in the x
and y directions, δn is the intergranular strain normal
to the interface, and δp is the in-plane direction.
When considering the modeling assumptions instead
of using isotropic stress and strain conditions at the
interface, the following Voigt notation is introduced
for the reduced strain tensor:

δ = [ δn 0 δx δy ]T. (7)

Note that the in-plane intergranular strain is
assumed to be δp = 0. The intergranular strain
tensor is thus considered an odeometric initial state
instead of an isotropic state (Stutz et al., 2016). This
is justified and proven by assuming a simple-shear
condition at the interface (Stutz et al., 2016; Stutz
and Mašín, 2017).

Arnold (2008) also remarked on the correct ini-
tialisation of the model after odeometric loading of
the interface. The intergranular strain δn = 0,
δx = R/

√
3, and δy = R/

√
3 should be introduced

under purely odeometric loading conditions. Mašín
(2014) modified the intergranular strain concept for
clays. The modified equations for mR are

mR = prAg

(
p

pr

)ng 4Amαg

2pαE

(
λ∗κ∗

λ∗ + κ∗

)

·
(
1− νpp − 2

αE

α2
ν

ν2pp

)−1

,

(8)

mT = mratmR, (9)

where pr is the reference stress of 1 kPa, Ag and ng

are the parameters describing the dependency to the

shear modulus at very small strain, p is the mean
stress, Am is used as a algebraic manipulation for
the model (Mašín, 2014), αg and αν are anisotropy
coefficients, αE is the anisotropy ratio of Young’s
modulus, λ∗ is a model parameter, κ∗ is the param-
eter describing the volumetric unloading behaviour,
νpp is the the direction dependent on Poisson’s ratio,
and mrat is a parameter for the intergranular strain
concept.

For this, the following parameters for the clay
intergranular strain concept are used: Ag, ng, βr,
and χ (Mašín, 2014).

More details about the different granular- and
fine-grained hypoplastic model formulations are
given in Appendices A and B. These models are ex-
tended by the intergranular strain concept described
above.

3 Enhanced interface modeling

As described above, the modified stress, strain,
and intergranular strain rate tensors as defined in
Eq. (6) are used for this enriched modeling of the
previous version of the interface intergranular strain
model by Arnold (2008). In the following, the two
different models are used to demonstrate the differ-
ences between the new and the old approaches by
Arnold and Herle (2006) and Arnold (2008). The
model of Arnold (2008) is abbreviated as AH and
the new model of Stutz et al. (2016) as HvWE.

The AH model uses the reduced stress and strain
conventions as follows: σp = σn, εp = εn, and
δp = δn, where σp is the in-plane stress, σn is the
normal stress, εp is the in-plane strain, and εn is the
normal strain. The simulations are conducted using
the parameters for sands (Table 1, where k is the sen-
sitivity degradation, A is a parameter that controls
the ratio between the volumetric and shear strain
components, sf and sini are the final and initial val-
ues for the soil sensitivity, and the other parameters
are explained in the text and appendices).

The experimental data used are from cyclic
constant-normal load tests conducted in a direct
shear device modified by Uesugi et al. (1989) (Fig. 1).
The soil was a Toyoura sand that was used on a
rough structural steel surface. The one-way cyclic
load path (Fig. 1) shows the differences between
both reduced tensor notations. Neither the newer
approach of Stutz et al. (2016) nor the approach
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Table 1 Parameters for the hypoplastic model for Toyura sand (Arnold, 2008), Clay I (Mašín, 2014), and Clay
II (Ragni et al., 2016)

Soil
Sand parameter Interface

ϕc (◦) hs (MPa) n ed0 ec0 ei0 α β κr ds(mm)

Toyura 31 1000 0.29 0.61 0.96 1.09 0.13 2 0.98 3

Soil
Clay parameter Interface

ϕc (◦) N λ κ ν αg k A sf sini κr ds (mm)

Clay I 21.9 1.19 0.095 0.015 0.1 2 – – – – 0.95 0.5
Clay II 34 0.114 0.013 1.697 0.1 – 0.05 0.2 1.0 2.9 0.95 0.75

Soil
Intergranular strain parameter

R mT mR χ βr Ag mrat ng

Toyura 1× 10−10 2.5 5 6 0.5 – – –
Clay I 5× 10−5 – – 0.9 – 270 1 0.5

of Arnold (2008) fits the experimental data exactly.
The HvWE model is able to capture the initial stiff-
ness but shows a slower decrease with increasing
cycles to the residual shear stress. The AH model
shows a low peak strength in the first cycle and a
lower residual mobilized shear strength. The next
simulation is the two-way cyclic loading conducted
by Uesugi et al. (1989). The shearing was applied
in the test of Uesugi et al. (1989) with an ampli-
tude of ±1 mm. As with the one-way cyclic simula-
tion, the HvWE model captures the shear strength
shear displacement behavior slightly better than the
AH model (Figs. 2a and 2c). For the shear behav-
ior, only small improvements between the AH and
HvWE models are visible. Considering the normal
strain-displacement behavior (Fig. 2b), it can be seen
that the AH model has a more excessive accumula-
tion of the normal strain, which is obviously due to
the isotropic formulation of the AH model. Instead
of the 1/3 for the oedometric conditions, the strain
will be incorporated more excessively into the con-
stitutive formulation.

After the comparison of differences between AH
and HvWE for constant normal stiffness condition,
it can be concluded that the volumetric response will
be particularly important. The same can be observed
using the clay interface models with and without the
intergranular strain concept.

One major benefit of using continuum models
as interface models is the possibility and flexibility
of using the same parameters that are used within
the soil itself. Therefore, only the standard model
parametrisation must be done.

0.0
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τ x
/σ

n

ux (mm)

Fig. 1 Shear displacement ux versus stress ratio
Tx/σn for a fixed displacement rate ±0.05 mm using
a σ0 = 100 kPa (Exp indicates experimental data)

The only two additional parameters needed are
the surface roughness coefficient κr and the shear
zone thickness ds. Based on Arnold and Herle (2006)
and Stutz et al. (2016), the surface roughness co-
efficient is defined as the ratio between the criti-
cal state friction angle in the interface and the soil
(κr = ϕint

c /ϕsoil
c ). This ratio can often be estimated.

The shear zone thickness itself is more difficult.
Experimental research for granular soil-structure in-
terfaces shows that the thickness of the interface zone
can be varied between 3.5 to 15 times the mean grain
size diameter d50. In clays, the same assumption is
often used.

Arnold (2008) proposed the following calibra-
tion concept for both parameters after adjusting the
localization of the shear stress-strain/displacement
response between simulation and experiments. This
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Fig. 2 Shear displacement versus stress ratio for
a fixed displacement rate ±0.05 mm using a σ0 =

100 kPa: (a) stress ratio Tx/σn vs. shear displacement
ux; (b) vertical strain εn vs. shear displacement ux;
(c) stress ratio Tx/σn vs. accumulated displacement
ucum. Experimental data comes from Uesugi et al.
(1989)

is done by calibrating ds. In the second step with κr,
the correct value of the asymptotic stress is adjusted.

4 Finite-element simulations

The section shows the use of the intergranular
strain concept for interfaces in finite-element simula-

Soil

Structure

25 cm

5 cm

5 cm

Interface

Applied
displacement

Normal stress 

Fig. 3 Direct interface shear boundary value problem

tions using the hypoplastic soil and interface model.
The general simulation purpose software Abaqus
(Hibbit et al., 2015) is used and therefore also the im-
plementation scheme of Stutz et al. (2017). This im-
plementation uses a Fortran subroutine for frictional
contacts (FRIC). In this scheme, a user-defined ma-
terial model (UMAT) subroutine for the computa-
tion of the stress and strains is called. As pro-
posed by Stutz et al. (2017), the general method can
be used with any kind of continuum model (devel-
oped parallel to the idea of Weißenfels and Wriggers
(2015)). In this method, the interface problem is
formulated as a constitutive problem and not as an
advanced numerical treatment. More details about
the implementation can be found in (Stutz et al.,
2017).

The finite-element boundary value problem is
the same as the one used by Stutz et al. (2017)
(Fig. 3). The overlaying soil is sheared against a
structural part. In both parts, the contact interface
is defined. This model is used with 10 loading cy-
cles. The deformation amplitude of ±7.5 mm at the
structural part is applied. The hypoplastic granular
model of Stutz et al. (2016) and the clay model of
Stutz et al. (2017) modified with the intergranular
strain concept as described above are used as the
interface models.

The parameters in this simulation (Table 1) are
used for the interface and the soil in the bottom part
of the model.

4.1 Simulation of cyclic interface tests

Three different simulations are calculated with
a Gauss-point integration using an Euler-forward
scheme (Fig. 4). All simulations are done for 10 cy-
cles. Fig. 5 shows the stress-displacement graphs for
the 1st, 5th, and 10th cycles. The shear stress con-
tour computed in the finite element model is shown.

Comparison of the graphs from the full finite
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Fig. 4 Gauss-point integration using an Euler-forward
scheme: (a) cycle 1; (b) cycle 5; (c) cycle 10

element and Gauss-point algorithm shows good
agreement between both solutions. However, small
differences can be observed because the soil specimen
in the overlaying soil deforms and the normal contact
stresses change. Thus, the general global model re-
sponse changes in the finite element simulation. The
finite-element results using the Mohr-Coulomb con-
tact (Fig. 6) are not able to simulate the 1.5 cycles
because convergence is not achieved. Investigations
of the deformed finite element model show that the
strong localizations at the interface lead to conver-
gence problems, whereas the hypoplastic interface
model (Fig. 7) shows good simulation capabilities
for 10 cycles. With an increasing cycle number, the
sample shows a more pronounced stress localization.
Similar trends are observed in experiments by De-
Jong and Westgate (2009).

Figs. 8–10 shows the comparison of finite ele-
ment simulations using the hypoplastic clay model
in the soil and for the interface. Fig. 8 shows the
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Fig. 5 Hypoplastic granular interface model: (a) cycle
1; (b) cycle 5; (c) cycle 10
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Fig. 6 Finite element simulations using the Mohr-
Coulomb. Note: for interpretation of the references
to color in the figure legend, the reader is referred to
the web version of this article

use of the Mohr-Coulomb interface model. Table 1
gives the parameters for the clay interface simu-
lations. The results indicate that when using a
non-homogeneous modeling strategy (hypoplasticity
with Mohr-Coulomb contact), the behavior is differ-
ent when using a hypoplastic interface model with
the same theoretical background. The use of the
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Fig. 7 Hypoplastic granular interface model: (a) cycle
1; (b) cycle 5; (c) cycle 10. Note: for interpretation of
the references to color in the figure legend, the reader
is referred to the web version of this article

Mohr-Coulomb model in particular leads to differ-
ences and convergence issues. One reason for this is
the strong localization (Fig. 3). The major fact is
that some elements at the interface are in slip, and
neighboring elements are in the stick condition. The
global finite element mesh convergence can therefore
not be achieved.

In general, a model at soil-structure interfaces
with smooth transition behavior is advantageous.

5 Simulations of the toriodal pen-
etrometer for offshore site investiga-
tions

Development of a novel penetrometer for soil
characterization is needed for the low effective stress
conditions at the seabed surface. This is a highly
demanding field (Stanier and White, 2015). Along-
side different T-Bar and Ball penetrometers (Yan
et al., 2011), the toroidoal penetrometer seems to
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Fig. 8 Cyclic calculation using the Mohr-Coulomb:
(a) cycle 1; (b) cycle 5; (c) cycle 10. Note: for in-
terpretation of the references to color in the figure
legend, the reader is referred to the web version of
this article

be a suitable characterization method for the in-situ
undrained shear strength profile. In addition to the
use for the penetration characterization at such ef-
fective stress conditions, the axial pipeline sliding
resistance for undrained or drained shearing taking
into consideration consolidation phases can be mea-
sured by the torodial penetrometer. Because of the
lack of field experience for the development of such
a new type of penetrometer, finite-element analy-
sis and modeling can increase the understanding of
important design considerations. Furthermore, the
modeling of such a torodial penetrometer is used to
propose robust inverse analysis methods for convert-
ing the penetrometer resistance back to soil prop-
erties (Stanier and White, 2015). These methodi-
cal insights can be gained from the simulation using
small and large deformation finite element analysis
(Stanier and White, 2015).

Recent simulations (Stanier and White, 2015)
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+3.100e+01
+2.735e+01
+2.370e+01
+2.004e+01
+1.639e+01
+1.274e+01
+9.034e+00
+5.431e+00
+1.777e+00
−1.876e+00
−5.529e+00
−9.183e+00
−1.284e+01

(a)

(b)

(c)

Fig. 9 Hypoplastic fine-grained interface model: (a)
cycle 1; (b) cycle 5; (c) cycle 10. Note: for interpreta-
tion of the references to color in the figure legend, the
reader is referred to the web version of this article

used a Tresca soil model, which does not capture the
non-linear soil phenomena. Furthermore, the inter-
face conditions in their simulations are captured us-
ing a simple Mohr-Coulomb frictional contact. How-
ever, these simplified interface models neglect impor-
tant features and lead to uncertain assumptions for
the stress-deformation pipeline-soil interface behav-
ior. The results in this section can be found partly
in (Stutz, 2016).

The aim of this section is to demonstrate the
application and influence of a homogeneous mod-
eling approach (hypoplastic soil and contact) com-
pared with a simpler and inhomogeneous modeling
approach (Mohr-Coulomb contacting with Tresca or
hypoplastic soil model). It can also be shown that the
contact model can have a significant role for offshore
boundary value problems—even in non-classical ex-
amples (e.g. piles and suction bucket). The simula-
tion is a simplified version of a pipeline penetration
problem.
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Hypoplastic
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/σ

n

−0.6
−0.8
−1.0

−0.4
−0.2

0.0
0.2
0.4
0.6
0.8

(a)

(b)

(c)

τ x
/σ

n
−0.6
−0.8
−1.0

−0.4
−0.2

0.0
0.2
0.4
0.6
0.8

τ x
/σ

n

−0.6
−0.8
−1.0

−0.4
−0.2

0.0
0.2
0.4
0.6
0.8

−0.0055 0.0055 0.0110

−0.011 −0.0055 0.0055 0.0110

−0.0165 −0.0055 0.0055 0.01650

ux (m)
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Fig. 10 Hypoplastic fine-grained interface model after
cycle 1 (a), cycle 5 (b), and cycle 10 (c)

In particular, with respect to the inherent soil
characteristics that do not exist in the simple model
formulation, the simulations concerning the penetra-
tion resistance of the toriodal penetromenter will be
improved.

5.1 Geometry and finite element model for
the toriodial penetrometer

Yan et al. (2011) introduced the shallow torodial
penetrometers. These are especially used for seabed
characterization in pipeline geomechanics.

The idea is that the penetration resistance can
be measured by pushing the torodial penetrometer to
the seabed (Fig. 11, where T1 is the applied torsional
force). In addition, after deployment at a certain
depth, the torodial penetrometer is shear against the
soil. Through this application of a torsional load, the
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Fig. 11 Geometry of the the shallow penetrometer
modified from Yan et al. (2011)

axial pipeline shearing resistance can be determined.
Because of the toroidal shape, it is possible to shear
the interface against the soil up to nearly unlimited
shear displacements and characterize the large defor-
mation behavior. Furthermore, the effects of partial
consolidation at the soil-pipeline interface as well as
the effect of shearing rate can be tested.

This unique idea leads to an improvement of
the measurement and in-situ characterization for
pipeline design. Yan (2013) showed that this
testing methodology is suitable for in-situ seabed
characterization.

Yan (2013) compared different penetrometer
sizes for a ball and a torodial penetrometer to find an
optimal size for the toroidal penetrometer. The ge-
ometry of the toroidal penetrometer is described by
the relationship between the length of the lever arm
L and the diameter of the spherical ring D. Typical
dimensions of such devices are L = 200 mm and D0

= 500 mm (ratio L/D = 2). Fig. 11 gives the vertical
load V and the embedment w. A geometry similar to
that of the boundary value problem from Yan (2013)
is used.

The boundary value problem uses the axial sym-
metry of the problem, considering the cyclic symme-
try options from the finite element software.

Fig. 12 shows the mesh used in the boundary
value problem. The mesh generation is done with
eight node elements with linear interpolation func-
tions. The penetrometer is modeled with a linear
elastic constitutive model with a large stiffness (8-
node elements). The soil-penetrometer interface is
modeled with an augmented Lagrangian approach
in the normal direction. The tangential interface
behavior is modeled by the hypoplastic clay model

10°

8DL

10D

Soil

Penetrometer

Fig. 12 Mesh and geometry of the boundary value
problem for the shallow penetrometer considering
cyclic symmetry (10◦ section; Stutz (2016))

proposed by Stutz and Mašín (2017) and Stutz et al.
(2017).

At the lateral boundary the model boundaries
are constrained against horizontal displacement and
rotations (x- and y-directions). All degrees at the
bottom are fixed. The circular boundaries are mod-
eled by the cyclic symmetry option.

The soil around the penetrometer is modeled
with the fine-grained soil hypoplastic model (Mašín,
2013), using the meta-stable extension to model the
remoulding and softening of a silty carbonate off-
shore clay. Ragni et al. (2016) parametrized this
soil and characterized this carbonate silty clay as a
challenging soil. Detailed information about the hy-
poplastic model considering the meta-stable exten-
sion of the clay model can be found in Mašín (2007).

In addition to the hypoplastic model, Yan et al.
(2011) used a Tresca soil model to compare the dif-
ferent models. Table 2 gives the Mohr-Coulomb and
contact model parameters. νp is Poisson’s ratio for
a linear elastic model. μr and μs are the friction
parameters for rough and smooth, respectively. For
undrained modeling using the Mohr-Coulomb model,
the frictional strength parameters ψ and ϕ are set to
0. Ragni et al. (2016) used an initial undrained shear
strength su of 2.2 kPa. The same undrained shear
strength is used in the following simulations.

Yan et al. (2011) neglected the unit weight be-
cause the effect of the unit weight is negligible. The
penetrometer penetration is not modeled (‘wish-in-
place’). This simplification of the analysis is justi-
fied (Stanier and White, 2015) by comparable results
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Table 2 Parameters for toroidal penetrometer and
the Mohr-Coulomb, soil constitutive model

Penetrometer linear E (kPa) νp (-)

elastic parameters 1010 0.25

Tresca soil E (kPa) νp su (kPa) ψ (◦) ϕ (◦)

model 1103.4 0.495 2.2 0 0

Mohr-Coulomb μs (-) μr (-) su (kPa) ψ (◦) ϕ (◦)

contact 0.05 0.95 – – –

from large displacement simulation results. In the
simulations, only an axial displacement is applied.

5.2 Results of the penetrometer simulation

The different model combinations are compared
and abbreviated as follows:

1. Tresca soil model/Mohr-Coulomb interface
model (TR-MC);

2. Tresca soil model/hypoplastic fine-grained
interface model (TR-HY);

3. Hypoplastic model (extension for sensitivity)
/Mohr-Coulomb interface model (HY-MC);

4. Hypoplastic model (extension for sensitiv-
ity)/hypoplastic fine-grained interface model (HY-
HY).

Assuming that after a normalized displacement
of 0.1, the constant normalized force is reached.

Stanier and White (2015) considered the results
as normalized displacement on the y-axis as u/D
and on the x-axis with the normalized vertical load
V/su · Acon. Here, Acon is the contact area of the
penetrometer and is calculated as

Acon = 2LDπ. (10)

Fig. 13a depicts the Tresca soil model. Six differ-
ent simulations are conducted. Smooth (κr = 0.05)
and fully rough (κr = 1.0) conditions are used with
both interface models. In addition, limiting shear
stress conditions of τmax = su and τmax = su/S with
the Mohr-Coulomb interface model are used, where
S is the soil sensitivity. Stanier and White (2015)
used these limiting shear stress conditions because
this will lead to a modeling of the remoulded state
around the penetrometer.

Fig. 13 indicates the influences that must be
considered when choosing a more sophisticated inter-
face constitutive model. The Mohr-Coulomb friction
model results in a higher load than the hypoplastic
interface model.

Comparing the Tresca and hypoplastic soil
model, it is obvious that the hypoplastic interface
model is only advantageous when used with the lat-
ter. Nevertheless, all model combinations yield plau-
sible results.

Using the hypoplastic soil model considering the
effect of remoulding and softening, the model com-
bination HY-MC results in higher normalized loads.
The combinations using a hypoplastic soil and in-
terface model result in lower normalized loads. The
model combination HY-MC with the limiting shear
stress (su/S) results in load-displacement close to
the results using the HY-HY smooth simulation.
However, using an HY-MC combination, the soft-
ening and remoulding behavior can not be modeled
adequately.

This is proven by a comparison (Fig. 14). The
model combinations (HY-MC/HY) with different
maximal shear stresses as well as τmax = su and
τmax = su/S conditions lead to improved model pre-
dictions compared with HY-MC combinations with-
out limiting shear stress conditions.

The HY-HY simulations show a behavior that
is similar to the HY-MC models using limited shear
stress conditions (su, su/S).

6 Conclusions

As demonstrated above, the intergranular strain
concept can be used for the modeling of interfaces.
The difference is the use of the enhanced version
of the reduced stress and strain rate tensors, which
are used in Voigt notation considering the redefined
mathematical operators (Stutz, 2016; Stutz et al.,
2016). In addition, the modeling of cyclic and small-
strain behavior of fine-grained interfaces is success-
fully shown.

For all these kinds of interfaces, the new ex-
tended intergranular strain concept-enhanced mod-
els have been successfully verified and validated.
Considering such models will lead to the opportunity
of modeling high-cyclic accumulation models using a
concept like Niemunis et al. (2005).

Furthermore, the reduced stress and strain ten-
sor concept can be used in conjunction with the nu-
merical implementation scheme (Stutz et al., 2017).
The benefit of using the concept of degradation of
existing concepts for modeling the 3D soil contin-
uum to interface models is the opportunity to easily
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Fig. 13 Result for the different model simulations as normalized load-deformation results (Stutz, 2016):
(a) simulations using the Tresca-continuum model; (b) simulations using the hypoplastic clay model with
meta-stable structure extension
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Fig. 14 Detail for the calculated sensitivity considering three different model simulations at a normalized
displacement of u/D = 0.1. Note: for interpretation of the references to color in the figure legend, the reader
is referred to the web version of this article

adapt constitutive models and the lack of specialized
parameter calibration considering a fully calibrated
constitutive model used to model the surrounding
soil.

The modeling of the novel shallow penetrome-
ter shows the importance of considering the accurate
interface conditions. Instead of incorporation of as-
sumptions, more advanced models can be used to
implicitly consider the remoulding state and maxi-
mal limiting shear stress conditions. From Fig. 14,
the behavior using the advanced models and the hy-
poplastic soil model with the simple Mohr-Coulomb
model shows that it is not necessary to use shear
stress assumptions at the interface if advanced inter-
face models are used.

The use of such simpler models requires less cali-
bration effort, but these models are limited. Because
of the lack of experimental data, the more advanced
models are hypothesized to give better predictions.
Nevertheless, these more advanced models do not
require any explicit assumption of the surrounding
limiting shear stress as is the case for a remoulding
state with the Mohr-Coulomb models.

This justifies the use of advanced models. In
addition, the non-linear interface behavior will be
considered and no artificial conditions will be in-
troduced to the simulation. This is even the case
in non-traditional interface modeling problems as
can be seen from the penetrometer penetration
simulation.
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Appendix A: Hypoplastic interface
models

σ̇ = L : D +N : ‖D‖, (A1)

where L and N are the fourth-order and second-
order constitutive tensors, and σ̇ and D are the ob-
jective stress rate and stretching rate tensor, respec-
tively. The hypoplastic model proposed by Gudehus
(1996) included the pyknotropy that is the influence
of the density and the barotropy for modeling the in-
fluence to the stress level. The proposed hypoplastic
constitutive equation is expressed as

σ̇ = fs(L : D + fdN‖D‖), (A2)

where fs is the barotropy factor, and fd is the py-
knotropy factor. The fourth-order constitutive ten-
sor L is defined as

L =
fs

σ̂ : σ̂
(F 2I + a2σ̂ ⊗ σ̂), (A3)

where a is the constitutive coefficient. The second-
order constitutive tensor N is expressed as

N = fsfd
a · F
σ̂ : σ̂

(σ̂ + σ̂∗), (A4)

where σ̂ = σ/tr(σ) and σ̂∗ = σ̂ − 1

3
1 are deviator

stresses. The Matsuoka-Nakai failure condition is
defined as

F =

√
tan2 ψ

8
+

2− tan2 ψ

2 +
√
2 tanψ cos(3θ)

− tanψ

2
√
2
,

(A5)
where the Lode angle θ is expressed as

cos (3θ) = −
√
6

tr(σ̂∗ · σ̂∗ · σ̂∗)

(σ̂∗ : σ̂∗)3/2
, (A6)

with tanψ =
√
3 ‖σ̂∗‖. The barotropy factor fs is

defined as

fs =
hs

n

(ei
e

)β 1 + ei
ei

(−tr(σ)

hs

)1−n

·
[
3 + a2 − a

√
3

(
ei0 − ed0

ec0 − ed0

)α]−1

,

(A7)

where hs, β, α, and n are hypoplastic model parame-
ters, e is the void ratio, and ec, ed, and ei are limiting
void ratios. The limiting values ed0, ec0, ei0 under
mean zero pressure are implemented into the model
as parameters.

ed
ed0

=
ec
ec0

=
ei
ei0

= exp

(
−
(
tr (σ)

hs

)n)
. (A8)

fd (pyknotropy factor) is expressed as

fd =

(
e− ed
ec − ed

)α

. (A9)

The constitutive coefficient a is defined as

a =

√
3 (3− sinϕc)

2
√
2 sinϕc

, (A10)

where ϕc is the critical state friction angle.

Appendix B: Fine-grained hypoplastic
interface model

Mašín (2013) modified the general form of the
hypoplastic constitutive formulation as

σ̇ = fsL : ε̇− fd
fA
d
A : d‖ε̇‖, (B1)

where ε̇ is the strain rate, fA
d describes the value of

fd at the asymptotic state boundary surface, and d

is the asymptotic strain rate direction. A is defined
as:

A = fsL+
σ

λ∗
⊗ 1. (B2)

The L tensor, representing the isotropic elastic-
ity, is given by

L = I +
ν

1− 2ν
1⊗ 1, (B3)

where ν controls the ratio between the bulk and the
shear stiffnesses. The Hvorslev equivalent pressure
p∗e is given as

p∗e = pr exp

(
N − ln(1 + e)

λ∗

)
, (B4)

where N is a model parameter. The asymptotic
strain rate direction d is assumed to be normal to the
asymptotic state boundary surface. fd is expressed
by Mašín (2013) as

fd =

(
2p

pe

)αf

, (B5)
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where the exponent αf controls the irreversible defor-
mation inside the asymptotic state boundary surface
(ASBS).

αf = ln

(
λ∗ − κ∗

λ∗ + κ∗

(
3 + a2f
af
√
3

))
/ ln 2, (B6)

where af is defined as

af =

√
3 (3− sinϕc)

2
√
2 sinϕc

. (B7)

fA
d is defined as

fA
d = 2αf (1− Fm)

αf/ω , (B8)

where the exponent ω reads:

ω = − ln(cos2 ϕc)

ln 2
+ af(Fm − sin2 ϕc). (B9)

The Matsuoka-Nakai factor Fm is expressed by

Fm =
9I3 + I1I2
I3 + I1I2

. (B10)

For the calculation of the Matsuoka-Nakai fac-
tor, the following invariants are used:

I1 = tr(σ), I2 =
1

2

(
σ : σ − (I1)

2
)
, I3 = det(σ).

(B11)
The asymptotic strain rate direction d is given

as

d =
dA

‖dA‖ , (B12)

where dA can be written as

dA = −σ̂∗ + 1

(
2

3
− 1

4
F 1/4

m

)
F

ξ/2
m − sinξ ϕc

1− sinξ ϕc
.

(B13)
The factor ξ controls the ratio of volumetric to

shear strain. It is defined as

ξ = 1.7 + 3.9 sin2 ϕc. (B14)

The model requires five parameters, ϕc, λ∗, κ∗,
N , and ν.
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