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Large-deformation analysis of pile installation with subsequent
lateral loading: Sanisand vs. Hypoplasticity

Patrick Staubachi) ; Jan Machačekii) ; Torsten Wichtmanniii) ;

Abstract: The simulation of the installation of open-ended piles using a Coupled Eulerian-Lagrangian method
in conjunction with two sophisticated constitutive soil models, Sanisand and Hypoplasticity with intergranular
strain extension, is presented. Insights into the requirements of numerically stable and efficient implementations
of the constitutive models are provided. Following its installation, the response of the pile to lateral loading is
investigated and the numerical results are compared to results of model tests. Sanisand is found to be superior
in terms of computational performance for the simulation of the pile installation but predicts the pile response
to lateral loading following the installation process worse compared to the simulations using Hypoplasticity.
The installation-induced changes in the soil state have less influence on the lateral pile response in case of the
simulations using Sanisand. It is concluded that both constitutive models are suitable to study large-deformation
pile installation processes but the results can differ significantly between the constitutive models despite a
careful calibration of the material constants.
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1 Introduction

The simulation of the installation of piles is a topic
of great interest in the geotechnical community. The
rapid improvement of computational resources and
methods over the last decade has enabled to perform
simulations of large-deformation processes such as pile
driving using sophisticated constitutive soil models,
which are able to reproduce many aspects of the me-
chanical behaviour of soils.

From experimental [12, 26, 14, 3, 2, 22] and nu-
merical investigations [20, 13, 52, 51] it is known that
the pile installation process in sandy soils does not
only influence the vertical load-displacement response
of the pile once in service, but also the response to
horizontal loading. To simulate the lateral loading re-
sponse of driven piles realistically, the incorporation of
the installation-induced soil changes around the pile
is thus judged to be of great importance.
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In a preceding work [50] a back-analysis of small-
scale model tests on piles subjected to lateral loading
by Leblanc et al. [30] was performed. The pile instal-
lation process prior to the lateral loading has been
taken into account and the lateral response of the pile
has been investigated for simulations with and without
consideration of the installation process, respectively.
For these simulations Hypoplasticity with intergranu-
lar strain extension (for sake of convenience referred
to as the hypoplastic model or Hypoplasticity in the
following) has been utilized as constitutive model for
the simulation of the installation process as well as
for the lateral loading of the pile following its instal-
lation. The installation process was found to result in
a stiffer response of the pile when subjected to lateral
loading and a better accordance with the experimental
values was observed when considering the installation
process in the numerical simulations.

Most numerical investigations on pile installation
have either employed hypoplastic models [17, 15, 11,
43, 48, 18, 45, 20, 16, 10, 1, 27, 21, 29] or simple
elasto-plastic models [4, 23, 60, 1]. Despite being a
frequently applied constitutive model and being con-
stantly extended (see e.g. [28, 9, 32, 33, 59, 42]), the
Sanisand constitutive model has yet not been applied
for the simulation of large-deformation pile installa-
tion. In this work, the model tests of Leblanc et al. [30]
are simulated using the Sanisand constitutive model
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(version of 2004, see [8]) as well as Hypoplasticity with
intergranular strain extension. The aim of this study
is to investigate the influence of the constitutive model
on the predicted soil behaviour during the pile instal-
lation using the Coupled Eulerian-Lagrangian (CEL)
method as well as the influence of the constitutive
model on the lateral loading response following the
pile installation process. In order to ensure the correct
representation of the constitutive soil behaviour, the
material constants of Sanisand as well as Hypoplas-
ticity are determined based on data from oedometric
compression tests as well as drained monotonic triax-
ial tests performed on yellow Leighton-Buzzard sand
used in the experiments by [30].

The paper is structured as follows: Some aspects of
the implementation of the constitutive models are dis-
cussed in Section 2. In Section 3 the small-scale model
tests on piles subjected to lateral loading performed
by [30] are introduced. The determination of the con-
stitutive model parameters is described in Section 4.
The simulation of the pile installation process prior to
the lateral loading is presented in Section 5. Follow-
ing its installation, the response of the pile to lateral
loading is investigated in Section 6.

2 Implementation of the constitutive models
Both constitutive models, Hypoplasticity with in-
tergranular strain extension (see [58] and [40]) and
Sanisand (see [8]), are implemented as VUMAT sub-
routines offered by the commercial software Abaqus
for the incorporation of user-defined material models
in explicit analyses. Because the material undergoes
large deformations during the pile penetration pro-
cess, the numerical stability of the implementations is
of great importance.

2.1 Additional viscous stress
An additional viscous stress increment ∆σvis, which
depends on the mean effective stress p (positive val-
ues indicate pressure) and increases with p approach-
ing zero, is added to the increment of the constitutive
stress ∆σc:

∆σ = ∆σc +∆σvis. (1)

∆σvis is not considered on the material level of the
calculation since it is subtracted from the stress which
is used for the call of the material model in the fol-
lowing increment. Thus, the viscous stress does not
directly alter the material response but adds damp-
ing to the model. The additional damping reduces the
stable time increment used in the global explicit in-
tegration scheme (and therefore more increments are
needed) but enhances the numerical stability.

The viscous stress is calculated using ∆σvis =
λ1tr(∆ε) + 2µ∆ε, where λ and µ are functions of the

mean effective stress p. λ = µ is set for the present
simulations. λ is calculated using:

λ =

{
0.04 kPas for p > 0.2 kPa

0.04 kPas + 0.1 kPas
(
1− p

0.2 kPa

)
for p < 0.2 kPa.

The additional viscous stress is utilized for the sim-
ulations with both constitutive models.

2.2 Return-mapping algorithm

In case of the hypoplastic model, no return-mapping
algorithm is necessary, since no yield surface ex-
ists. Therefore, the constitutive model can technically
not diverge on the integration point level (however,
depending on the implementation, some error con-
trol might be exceeded, which then results in non-
convergence). In case of Sanisand, stress states violat-
ing the yield criterion have to be mapped back on the
yield surface using a return-mapping algorithm. The
yield criterion used in Sanisand is defined by (see [8]):

f =

[
(s− pα) : (s− pα)

] 1
2

−
√

2

3
pm (2)

α is the back-stress tensor and a state variable of
Sanisand. s is the stress deviator and m is a material
parameter determining the elastic range of the model.
Setting s = pα the current state is in the centre of the
yield locus.

In most cases, rapid convergence of the return-
mapping algorithm is achieved. For some stress states,
however, the return-mapping algorithm may diverge.
Since it is neither desirable that the calculation is
aborted in such a case nor that the simulation con-
tinues with an un-satisfied yield criterion, a rigorous
correction of the back-stress tensor α is made. For a
given stress state, the yield surface is exactly satisfied,
i.e. the stress state is on the yield locus, in case of:

α =
s

p
− n

√
2

3
m (3)

with n being defined by:

n = (s− pα)→. (4)

In Eq. (4) the definition (⊔)→ = ⊔/∥⊔∥ holds. Using
n : n = 1 it is evident that f in Eq. (2) is zero when
setting α according to Eq. (3). Of course, this artifi-
cial adjustment of the back-stress tensor α influences
the material response and it has to be secured that
it is performed only rarely. During the simulation of
the pile driving process it has thus been checked that
the correction of the back-stress tensor is only applied
for elements undergoing the most severe deformations
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(e.g. below the tip of the pile).

2.3 Small mean effective stresses and integra-
tion of the stress rate

Since in case of vanishing mean effective stress the
material response is not defined or becomes unstable.
In these cases, a correction for small mean effective
stresses (p < 0.01 kPa) and a subsequent correction
of stress states located outside of the Matsouka-Nakai
failure locus is made for both constitutive models. The
Matsouka-Nakai failure locus is defined by [39]

F = −I1I2
I3

− 9− 8 tan2(φ) ≤ 0, (5)

where the principal invariants I1, I2, I3 of the stress
tensor are used. The projection on the Matsouka-
Nakai failure locus has been proposed in [41] and has
been also used successfully for the simulation of liq-
uefiable soils during earthquake loading and vibratory
pile driving in water-saturated sand [37, 49].

Both constitutive models are implemented using an
explicit sub-stepping scheme to integrate the constitu-
tive equations. In case of the implementation of the hy-
poplastic model, an adaptive explicit Euler scheme to
integrate the stress rate within a sub-stepping method
with error control (see [47]) is employed. The error of
the explicit scheme within every sub-increment is cal-
culated and the size of the sub-increment is reduced if
the error is too large. Likewise, the sub-increment size
is increased if the error is small. In case of Sanisand,
a simpler sub-stepping scheme without error control
and constant sub-increment size is used.

Since the volumetric strain during the pile installa-
tion process can be extremely large for some elements,
the void ratio can reach values smaller or larger than
the minimum and maximum void ratio, respectively.
In order to prevent any un-physical response of the
constitutive models in this case, the void ratio is re-
stricted to a minimum of 0.9·emin and a maximum of
1.1 · emax. Note that these fractions are assumptions
and are chosen based on experience.

Both constitutive models have been newly imple-
mented with the aim to secure numerical stability even
for strongly non-linear boundary value problems with
large deformations such as pile driving. The imple-
mentations have been used in [36] for the simulation
of vibratory pile driving in water-saturated sand as
well. Other, publicly available implementations of the
two constitutive models were found not to be numeri-
cally stable for the simulation of pile installation. The
implementation of both constitutive models as VUMAT
subroutines suitable for Abaqus is available from the
first author upon request.

3 Small-scale model tests by Leblanc et al.
The geometric specifications of the model tests per-
formed by Leblanc et al. [30] as well as a photo of the
device are given in Fig. 1. The copper pile (diameter
D = 0.08 m, wall thickness t = 0.002 m) has been
driven into the soil using a plastic hammer until an
embedment length of L = 0.36 m had been reached. In
relation to a typical monopile foundation for offshore
wind power plants, a scaling of the monopile dimen-
sions of 1:50 has been applied. Dry yellow Leighton-
Buzzard sand has been used. It was poured into the
container from a low drop height in order to achieve
a loose initial state of the soil prior to the pile instal-
lation. The test considered for the back-analysis had
an initial relative density of Dr0 = 38%. According to
Leblanc et al. [30], the peak friction angle for the given
stress conditions and relative density of the small-scale
model tests is equivalent to the peak friction angle of
the same soil at a relative density of Dr0 = 75% and
an acting effective stress being representative for the
real-scale model. The lateral loading of the pile fol-
lowing its installation has been applied in a height of
e = 0.43 m above the ground surface.

0.55 m

0.08 m

0.
60

 m

0.30 m

0.
43

 m
0.

36
 m

Fig. 1: Dimensions of the model test and picture of the
device (reprinted from [30])

4 Determination of the constitutive parame-
ters for Leighton-Buzzard sand

In order to determine the constitutive model parame-
ters for yellow Leighton-Buzzard sand (LBS), oedo-
metric compression and drained monotonic triaxial
tests have been performed. The calibration of the pa-
rameters for the hypoplastic model has already been
documented in [50]. Therefore, the focus is on the cal-
ibration of the Sanisand model in the following. Note
that all laboratory tests have been simulated using
the same set of parameters for a certain constitutive
model, given in Table 1 for the hypoplastic model and
in Table 2 for Sanisand. A better agreement between
simulations and experiments could have been achieved
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φc ei0 ec0 ed0 hs n α
33.3◦ 0.930 0.809 0.507 1.9 · 107 kPa 0.191 0.223

β R mR mT βR χ
-1.3 10−4 4 2 0.1 4.6

Table 1: Parameters of Hypoplasticity with intergranular
strain extension for yellow Leighton-Buzzard sand

pa e0 λc ξ Mc Me m G0

100 kPa 0.87 0.12 0.2 1.34 0.94 0.05 50

ν h0 ch nb A0 nd zmax cz
0.05 10 0.75 1.2 0.6 2 20 10000

Table 2: Parameters of Sanisand for yellow Leighton-
Buzzard sand

if an individual set of parameters would have been cal-
ibrated for each type of laboratory test. In order to
achieve meaningful comparisons of the two constitu-
tive models for the pile installation simulations, the
calibration of Sanisand has been performed with the
aim to fit to the results of the hypoplastic model as
well as to the laboratory data. Initially, the parameters
of Sanisand have been set identical to the parameters
determined in [57] for a similar sand (”Karlsruhe fine
sand”), before they were adjusted to fit better to the
laboratory data for LBS.

The simulation of two oedometric compression tests
with different initial relative densities (Dr = 0.80
and Dr = 0.02) is displayed in Fig. 2. The change
in void ratio ∆e with increasing vertical stress σv is
given for the simulation with the hypoplastic model
and Sanisand, respectively. The simulation using the
hypoplastic model shows a good agreement for both
tests. Only little influence of the initial density on ∆e
is found. Using the Sanisand model, the change in void
ratio is predicted too small in case of the dense sample
but too large for the initially loose sample. However,
the influence of the initial density on ∆e is qualita-
tively correctly predicted by Sanisand. Note that the
elastic material parameters G0 and ν have to be set to
very small values in order to achieve acceptable results
using Sanisand. Similar conclusions have been drawn
in [57, 36] for the simulation of oedometric compres-
sion tests. It is expected that the low value for G0

in the present case leads to a worse approximation of
the soil response at small strain. This could be inves-
tigated utilizing additional data from cyclic triaxial
tests. For the time being, however, the value deter-
mined based on the oedometric tests is used. Note
that some of these issues could be resolved using the
Sanisand version of 2008 [54], which is able to account
for plastic strain without a change in stress ratio and
is hence able to better capture the soil response under
oedometric compression.
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Sanisand
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Fig. 2: Results of two oedometric compression tests with
different initial relative densities (Dr = 0.80 and Dr =
0.02) and the simulations using the hypoplastic model and
Sanisand, respectively. The parameters given in Table 1 and
2 have been used.

The simulations of two drained monotonic triaxial
tests with differing initial relative density (Dr0 = 0.54
and Dr0 = 0.18) but identical initial mean effective
stress of p0 = 20 kPa are given in Fig. 3. Note that
the initial stress level has been intentionally chosen
low in order to best represent the stress conditions
in the small-scale model tests of Leblanc et al. The
simulation using the hypoplastic model predicts too
low residual values of the deviatoric stress q at large
strains and underestimates the dilatancy. Likewise,
the residual values of q as well as the volumetric strain
are underestimated using the Sanisand model. The di-
latancy could be increased by increasing the parame-
ter A0. However, since a good fit with the results of the
hypoplastic model is targeted as well and the intensity
of dilatancy in the hypoplastic model can not directly
be controlled with a parameter without changing the
q-ε11 curve, the slight deviation from the experimen-
tal results is accepted. In case of the initially medium
dense sample, the hypoplastic model predicts a much
larger peak in the q-ε11 curve compared to Sanisand.
The parameter nb of Sanisand, controlling the peak of
the q-ε11 curve, could be increased to reach a higher
peak friction angle. However, the q-ε11 curve of the
initially loose sample would then not fit as well to the
results of the hypoplastic model.

Since the stress increases significantly below the
pile tip during the pile installation process, an ade-
quate response of the constitutive models for higher
stresses has to be secured as well. Therefore, the re-
sults of a second series of drained monotonic triaxial
tests with initial relative densities (Dr0 = 0.46 and
Dr0 = 0.17) similar to the first two tests but higher
initial mean effective stress (p0 = 50 kPa) are given
in Fig. 4. Compared to the tests with p0 = 20 kPa,
the predicted peak and residual values of q are in bet-
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ter accordance with the experimental values for both
constitutive models. For the initially medium dense
sample, the hypoplastic model predicts a larger peak
of the q-ε11 curve compared to the simulation using
Sanisand similar to the test with p0 = 20 kPa. The
εvol-ε11 curves are well reproduced by both constitu-
tive models.

0 5 10 15 20
11 [%]

0

20

40

60

80

100

q
 [

kP
a
]

0 5 10 15 20 25
11 [%]

-8

-6

-4

-2

0

vo
l
[%

]

0 5 10 15 20
11 [%]

0

20

40

60

80

100

q
 [

kP
a
]

0 5 10 15 20 25
11 [%]

-8

-6

-4

-2

0

vo
l
[%

]
Dr0=0.54, p0=20 kPa Dr0=0.18, p0=20 kPa

Hypoplasticity

Simulation Simulation

Sanisand

Simulation
Simulation

Fig. 3: Results of two drained monotonic triaxial tests with
varying initial densities and an initial mean effective stress
of p0 = 20 kPa and the simulations using the hypoplastic
model and Sanisand, respectively. The parameters given in
Table 1 and 2 have been used.

5 Numerical model and results for the pile
installation process

5.1 Numerical model

The installation of the pile is simulated using a Cou-
pled Eulerian-Lagrangian (CEL) method, where the
soil is modelled using Eulerian elements and the pile is
considered as Lagrangian body. The CEL method has
proven a suitable numerical method for the simula-
tion of soil undergoing large deformations while being
in contact with a more rigidly behaving body (see [46,
19, 55, 53]). It is worth noting that recent investiga-
tions on the pile installation process using the discrete
element method (DEM) show promising results as well
[31, 34].

The CEL model used for the simulation of the in-
stallation process is displayed in Fig. 5a). The red vol-
ume is initially empty of soil material but could be
filled if the soil heaves during the driving process. The
blue volume is initially fully material filled and has di-
mensions identical to the sand volume in the container
used in the experiment displayed in Fig. 1. Exploiting
the symmetry in case of the pile installation, a quarter
model is considered for the simulation to reduce the
computational costs. Note that no axisymmetric sim-

0 5 10 15 20
11 [%]

0

50

100

150

200

q
 [

kP
a
]

0 5 10 15 20 25
11 [%]

-8

-6

-4

-2

0

vo
l
[%

]

Dr0=0.46, p0=50 kPa Dr0=0.17, p0=50 kPa

Hypoplasticity

Simulation Simulation

0 5 10 15 20
11 [%]

0

50

100

150

200

q
 [

kP
a
]

0 5 10 15 20 25
11 [%]

-8

-6

-4

-2

0

vo
l
[%

]

Sanisand

Simulation Simulation

Fig. 4: Results of two drained monotonic triaxial tests with
varying initial densities and an initial mean effective stress
of p0 = 50 kPa and the simulations using the hypoplastic
model and Sanisand, respectively. The parameters given in
Table 1 and 2 have been used.

ulation is possible due to restrictions of the utilized
software. The boundary conditions of the experiment
are adopted and no friction at the borders of the sand
container is accounted for, i.e. vertical roller supports
at the bottom of the model and horizontal roller sup-
ports normal to the model border at the vertical sides
are defined. As in the model test, a homogeneously
distributed initial relative density of 38 % is assumed.
Friction between pile and soil is considered using a
Coulomb friction model. The wall friction angle is set
to be 2/3 of the critical friction angle, which is an as-
sumption since no detailed information on the surface
roughness of the pile is available.

Despite being impact driven with a plastic ham-
mer in the model tests, the pile is jacked into the
soil with an assumed velocity of 0.06 m/s in the sim-
ulations. This is due to the unknown specifications
of the impact force as well as the larger number of
hammer strokes applied in the experiment (approx-
imately 700). Since the time required to apply the
strokes is large, a numerical simulation of all indi-
vidual strokes is not possible with computational re-
sources available. In order to investigate how strongly
the installation technique (jacking vs. impact driving)
influences the results of the simulations, the impact
driving has been partly simulated and compared to the
jacked pile in [50]. It was found that the installation-
induced changes in the soil in the vicinity of the pile
were not strongly altered using impact driving com-
pared to jacking. The response of the pile to lateral
loading following the installation was also not strongly
influenced by the installation technique. Findings from
recently performed field tests support this observation
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Fig. 5: a) Finite element model used for the CEL analysis
(Abaqus) and b) Purely Lagrangian finite element model
used for the lateral loading of the pile following its instal-
lation (numgeo)

[3]. Opposite to that, centrifuge tests comparing im-
pact driven with jacked piles showed a higher lateral
resistance for the impact driven piles [14]. The dif-
ferences in these findings are likely to be caused by
the differences in pile geometry, initial soil state and
specifications of the applied installation technique.

The CEL method is implemented in an explicit time
integration scheme. No time scaling factor for the crit-
ical time increment of the explicit time integration
scheme is applied. Note that no effects due of grain
crushing are incorporated in the simulations. Due to
the high stresses during the process it is expected that
grain crushing will influence the results to some ex-
tend. Future work could focus on the investigation of
the influence of grain grushing using the constitutive
models proposed e.g. in [7, 44]. A calibration with ad-
ditional laboratory tests with high stress level to trig-
ger grain crushing effects should then be performed in
addition.

5.2 Results of the pile driving process

In order to evaluate if the soil prior to the pile driving
process is considered loose or dense, the critical void
ratio is calculated. Using the empirical relation for the
critical void ratio employed by the hypoplastic model
and proposed by Bauer [5]

ec = ec0 · e−(3p/hs)n , (6)

where ec0 is the critical void ratio at a mean effective
stress of p = 0 kPa and hs and n are the material
constants for LBS given in Table 1, ec(p = 2 kPa) ≈
0.764 is calculated. Since the initial void ratio prior to
the driving is e0 = 0.694, the soil is considered dense
and behaves dilatant during shearing.

Fig. 6 displays the spatial distribution of the rela-
tive density at different stages of the pile penetration

process using the hypoplastic model and Sanisand, re-
spectively. For a penetration of t = 6 cm both consti-
tutive models predict a decrease in relative density at
the ground surface in the vicinity to the pile. In case
of the hypoplastic model an increase in relative den-
sity below the pile tip is evident, which is not the case
using Sanisand. The simulation using Sanisand shows
an increase in relative density in the symmetry axis
of the model in greater soil depths. With ongoing pile
penetration, a compaction of the soil inside and out-
side the pile in the vicinity of the pile shaft is observed
in case of the simulation using the hypoplastic model.
Until t = 32 cm no such compaction in the vicinity of
the pile tip is visible using Sanisand. From the devel-
opment of relative density over time it is, however, to
be expected that with further pile penetration, such a
compaction zone would develop in the simulation us-
ing Sanisand as well. In the soil surrounding the pile
head close to the ground surface a strong loosening
of soil is observed for both constitutive models, with
the simulation using the hypoplastic model showing a
much larger radius of soil with decreased density.

Opposite to the hypoplastic model, the simulation
using Sanisand shows large settlement of the soil col-
umn inside of the pile, which can be traced back to
greater compaction of the soil close to the symmetry
axis of the model and less dilatancy of the soil close to
the ground surface compared to the simulation using
the hypoplastic model. Overall it can be noted that
during the penetration process using Sanisand less di-
latancy of the soil occurs close to the ground surface
but more compaction in the soil close to the symmetry
axis.

The spatial distribution of mean effective stress dur-
ing the penetration process is displayed in Fig. 7. For
t = 6 cm the simulation using the hypoplastic model
predicts very high stresses below the pile tip whereas
in case of Sanisand the stress is more concentrated in
the soil close to the symmetry axis of the model. This
observation is in accordance with the distribution in
relative density discussed earlier, where a greater re-
duction of the void ratio close to the symmetry axis
using Sanisand is observed. After a pile penetration
of t = 32 cm both constitutive models predict high
mean effective stresses below the pile reaching up to
the bottom of the model. In case of the simulation
using Sanisand a cone-shaped distribution is observed
whereas the hypoplastic model shows more of a ver-
tical streak of mean effective stresses larger than 100
kPa.

Fig. 8 displays the spatial distribution of radial
stress after a penetration of 25 cm and 30 cm, re-
spectively. The results of the hypoplastic simulation
are displayed. The plots below show the radial stress
distribution with respect to the radial distance to the
pile. Both plots have been evaluated 25 cm below the
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Fig. 6: Spatial distribution of relative density for different pile penetration depths t using the hypoplastic model and
Sanisand, respectively.

ground surface. Hence, the plot on the left-hand side
displays the radial stress when the pile tip is exactly
at the depth at which the stress distribution is evalu-
ated. The plot on the right-hand side shows the radial
stress once the pile tip has passed the considered depth
by 5 cm. The radial stress distribution for the simu-
lations using the hypoplastic model and Sanisand are
displayed. In addition, the initial radial stress is given.
The simulations show a large increase in magnitude of
radial stress at t = 25 cm. The hypoplastic model pre-
dicts values larger than σr = 100 kPa in the vicinity of
the pile tip. The radial stress decreases strongly with
distance to the pile and reaches σr = 20 kPa at the
boundary of the model (25 cm from the pile), indi-
cating an influence of the size of the test container on
the pile installation process. Compared to the initial
radial stress (σr ≈ 2 kPa), a considerable increase in
radial stress is caused by the pile penetration process.
The simulation using Sanisand shows qualitatively a
similar increase in radial stress but much lower in mag-
nitude. At the pile tip the radial stress is σr ≈ 20 kPa
and thus five times lower than the value predicted by
the hypoplastic model. With increasing distance to the
pile, the radial stress decreases and reaches a value of
σr ≈ 12 kPa at the model border, which is also lower
than the value predicted using the hypoplastic model.

A strong decrease in radial stress close to the pile
shaft is observed for both simulations in the plot on
the right-hand side of Fig. 8. The simulation using the
hypoplastic model predicts a radial stress of σr ≈ 8
kPa at the pile shaft whereas in case of Sanisand values
close to zero are observed. With increasing distance to
the pile shaft, the radial stress increases again, which
is more pronounced in case of the hypoplastic model.
For distances greater than 10 cm the radial stress re-
mains almost constant for both constitutive models.
Much higher values are observed for the hypoplastic
model compared to Sanisand, however. Qualitatively,
the distributions are again comparable.

The large increase in magnitude of radial stress and
the subsequent drop to values lower (for the simulation
using Sanisand) in magnitude than the initial radial
stress is a mechanism frequently observed in experi-
ments as well (see [56, 24, 6]) and has been described
by White & Bolton [56]. Jardine et al. [25] later re-
ferred to it as the cavity expansion-contraction model.
This model can explain the observed changes in the
stress distribution around the pile of the present sim-
ulations as well. The density of the soil below the pile
tip is greatly increased by the pile penetration process
in case of the simulation using the hypoplastic model.
Once the pile tip passes the heavily densified soil and
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Hypoplasticity

t = 6 cm t = 32 cm

Sanisand

Mean effective stress p [kPa]

50<0.0 >100

Fig. 7: Spatial distribution of the mean effective stress for
different pile penetration depths t using the hypoplastic
model and Sanisand, respectively.

the pile-induced stress is reduced, the soil tends to
contract under the shearing of the pile shaft. This con-
traction then reduces the soil stress at the outer shaft
even more when the pile penetrates further into the
soil.

It is concluded that both constitutive models can
reproduce the large increase in magnitude of radial

stress and the subsequent drop in magnitude once the
pile tip has passed qualitatively. Quantitatively, how-
ever, large differences are observed.

5.3 Computational performance
From a computational performance point of view,
Sanisand is superior to the hypoplastic model. Us-
ing a single processor, the simulation using Sanisand
takes approximately 8 hours and 1.3 million incre-
ments. The simulation with the hypoplastic model
takes close to 20 hours but needs less increments (0.8
million). Hence, the average critical time increment
of the (global) explicit time integration scheme us-
ing the hypoplastic model is larger than the average
critical time increment using Sanisand but the individ-
ual increments require more time with the hypoplastic
model. It has, however, to be kept in mind that these
figures strongly depend on the chosen sub-increment
size applied in the implementation of the constitutive
models. In terms of numerical stability, i.e. abortion
of the simulation due to distortion of elements dur-
ing the Lagrangian step of the CEL simulation, the
constitutive models are found to perform comparable.

6 Simulation of the lateral loading following
the pile installation process

Following its installation, the pile was subjected to ei-
ther monotonic or cyclic lateral loading in the model
tests by Leblanc et al. [30]. The simulation of the
lateral loading is performed in a purely Lagrangian
framework using an implicit solution scheme. The fi-
nite element code numgeo1 is used for this purpose.
Using numgeo, the incorporation of the installation-
induced soil changes in the simulation of the lateral
loading is more convenient than using Abaqus. In
terms of results of the simulation of the lateral load-
ing no influence of the finite-element code is expected.
This is demonstrated in A by comparison of the results
of the two finite-element programs for the simulation
of the lateral loading without consideration of the in-
stallation process using the hypoplastic model.

6.1 Numerical model
The model used for the lateral loading analysis is dis-
played in Fig 5b). Reduced integrated, linearly inter-
polated Lagrangian elements are used. To avoid any
hourglassing, an hourglass stiffness of 100 kPa is ap-
plied. The state variables of the soil after the instal-
lation are transferred to the Lagrangian model us-
ing the shortest (euclidean) distance between integra-
tion points in the CEL model and in the Lagrangian

1numgeo (see [35, 38, 36, 50] and www.numgeo.de) is an in-
house finite-element program, developed by the first two authors
for the solution of non-linear, coupled (dynamic) geotechnical
boundary value problems.
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Fig. 8: Top: Distribution of radial stress using the hypoplas-
tic model after a penetration of the pile of 25 cm and 30
cm, respectively. Bottom: Radial stress as function of the
radial distance to the pile at a depth of 25 cm below the
ground surface using the hypoplastic model and Sanisand.
The initial radial stress distribution prior to the driving
process is given as well.

model. In addition to stress and void ratio, in case
of the hypoplastic model the intergranular strain ten-
sor is considered for the transfer. Note that for the
simulations of the lateral loading using Sanisand the
distributions resulting from the simulation of the in-
stallation using Sanisand are used. Just the same is
done for the hypoplastic model. Technically, a ”mix”,
i.e. using the fields after installation of constitutive
model A for the lateral loading employing constitu-
tive model B, would be possible as well. Due to the
larger number of elements in the Lagrangian model
(approximately 50,000), the neighbour search of the
closest integration point can take time depending on
the implemented scheme. A very fast scheme is ob-
tained using the SciPy function cKDTree in Python.
The deformation of the soil caused by the installation
process is not considered in the Lagrangian model as
the influence of the soil movement is judged insignifi-

cant compared to the influence of the change in state
variables.

Note that the stress state imported from the CEL
model is not resulting in a static force equilibrium.
In order to bring the model into equilibrium prior to
the lateral loading, an additional calculation step is
included allowing the stress to adjust.

6.2 Simulation of the lateral loading
The comparison of the relationships of applied mo-
ment (at the ground surface) versus the rotation of
the pile from the measurements made in the experi-
ments by Leblanc et al. and the simulation using the
hypoplastic model with and without incorporation of
the installation-induced soil changes is given in Fig.
9a). Note that for the evaluation of the rotation it
is assumed that the pile deforms rigidly above the
ground surface. Note in addition that the results of the
simulation using the hypoplastic model have already
been presented and discussed in [50] (evaluated using
non-dimensional values, however). It is evident that
the consideration of the installation process leads to a
stiffer pile response and a better accordance of the re-
sults of the simulation with the measured values. The
installation influences the pile response in the range
of small rotations stronger than for larger rotations.
The final moment after a rotation of θ = 0.02 rad is
similar for both simulations.

The simulations using Sanisand are provided in Fig.
9b). The simulation incorporating the installation-
induced soil changes does only differ to the wished-
in-place simulation after a rotation of θ = 0.005 rad,
which is opposite to the observations made for the
simulations using the hypoplastic model. With ongo-
ing pile rotation, the moment in the simulation with
installation increases stronger than in the simulation
without installation. Compared to the experiment,
both simulations using Sanisand underestimate the
moment resistance and show a worse accordance com-
pared to the simulations using the hypoplastic model.

The differences between the constitutive models
found for the lateral loading fit well to the expected
tendencies based on the differences observed for the
pile installation process. Sanisand predicted less com-
paction of the soil in the vicinity of the pile tip and
much smaller effective radial stresses. It is thus not
surprising that the incorporation of the installation
induced soil changes leads to a stiffer pile response
against lateral loading using the hypoplastic model
compared to Sanisand.

The response of the pile to lateral loading in the
simulations using Sanisand strongly depends on the
parameter G0, determining the elastic shear stiffness,
which is demonstrated in Fig. 10 using G0 = 70 in-
stead of G0 = 50. Note that G0 = 50 has been used
for the simulation of the installation process nonethe-
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Fig. 9: Applied moment versus resulting rotation of the pile
measured in the experiment and obtained from the simu-
lations using the hypoplastic model (a) and Sanisand (b)
with and without incorporation of the installation process,
respectively

less. Simulations of the installation using G0 = 70
lead to similar distributions of relative density and
stress as presented in Section 5.2 using G0 = 50. It is
worth to mention that in the process of the parame-
ter calibration, G0 does only marginally influence the
results of the triaxial tests (within reasonable ranges)
and in the present case was determined based on the
oedometric compression tests. It has to be clarified,
however, that utilizing additional cyclic triaxial tests,
a better determination of G0 based on the measured
strain amplitude could have been achieved.

Using G0 = 70 a better accordance of the re-
sults of the simulations with the measurements is ob-
served. The influence of the installation, however, is
now less pronounced compared to the simulation us-
ing G0 = 50. Only marginal differences between the
two simulation types, with and without incorporation
of the installation process, are visible in Fig. 10.

7 Summary and conclusions

The simulation of small-scale model tests on piles sub-
jected to lateral loading using two constitutive soil
models, Sanisand and Hypoplasticity with intergran-
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Fig. 10: Applied moment versus resulting rotation of the
pile measured in the experiment and obtained from the
simulations using Sanisand with and without incorporation
of the installation process, respectively. The parameters of
Sanisand given in Table 2 with a modification of G0 = 70
have been used.

ular strain, has been presented. Prior to the lateral
loading, the installation process of the pile has been
taken into account. Some aspects of the implementa-
tion of the constitutive models in order to achieve a
high numerical stability have been discussed. The re-
sults of the two constitutive models have been first
compared for the simulation of element tests (oedo-
metric compression and drained monotonic triaxial
tests) in order to determine the material constants for
the yellow Leighton-Buzzard sand used in the model
tests. The performance of the constitutive models in
case of the triaxial tests was similar whereas the oe-
dometric tests were slightly worse represented using
Sanisand. The constitutive models have then been ap-
plied for the simulation of pile installation using a
Coupled Eulerian-Lagrangian approach. Both consti-
tutive models were found to predict the development
of relative density and stress of the soil realistically but
large differences in terms of effective radial stress be-
tween the models were observed. The simulation using
Sanisand showed a much smaller installation-induced
increase of effective radial stresses. In terms of compu-
tational performance (calculation time), Sanisand was
found to be superior to the hypoplastic model.

Following its installation, the pile was subjected to
lateral loading and the results of the simulations with
and without incorporation of the installation-induced
soil changes using the two constitutive models were
compared to the measurements made in the experi-
ments by Leblanc et al. [30]. Both constitutive models
predicted less rotation of the pile if the installation-
induced soil changes were accounted for, which lead to
a better accordance with the measurements made in
the experiment. The accordance with the experimen-
tal data was better in case of the hypoplastic model
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Fig. 11: Applied moment versus resulting rotation of the
pile obtained from the simulations using the finite-element
codes numgeo and Abaqus, respectively

compared to Sanisand. In case of the latter constitu-
tive model, the pile response to lateral loading was less
influenced by installation effects compared to the sim-
ulation using the hypoplastic model. This observation
was found to be in accordance with the conclusions
drawn from the results regarding the pile installation
process, i.e. a smaller increase of effective stress due
to the installation process predicted with Sanisand.

It may be concluded that both constitutive mod-
els are suitable for the large-deformation analysis of
pile installation processes but the results can differ
considerably despite a careful calibration with similar
performance for the same element test data.

A Comparison of the finite-element code
numgeo with Abaqus

To demonstrate the performance of the in-house finite-
element code numgeo used to simulate the lateral load-
ing of the pile, a comparison with the proprietary code
Abaqus/Standard is presented. For that, a simulation
without consideration of the installation process and
employing the hypoplastic model is performed with
both programs. A slightly larger moment resistance
is predicted using Abaqus compared to numgeo for
larger pile rotations as is visible from Fig. 11. The
differences are, however, judged to be within accept-
able range considering the strongly non-linear nature
of the boundary value problem at hand.

References
[1] M. Abdelfattah, K. Abdel-Rahman, S. M.

Ahmed, and Y. M. El-Mossallamy. “The Role
of Constitutive Material Laws on the Jack-
ing of Single Pile Into Sandy Soil Using Cou-
pled Eulerian-Lagrangian Method”. In: Ad-
vanced Numerical Methods in Foundation En-
gineering. Ed. by H. Shehata, B. Das, A. P. S.

Selvadurai, and A. Fayed. Springer International
Publishing, 2020, pp. 108–124.

[2] M. Achmus, K. Schmoor, V. Herwig, and B.
Matlock. “Lateral bearing behaviour of vibro-
and impact-driven large-diameter piles in dense
sand”. In: Geotechnik 43.3 (Aug. 2020), pp. 147–
159. doi: 10.1002/gete.202000006.

[3] I. Anusic, B. M. Lehane, G. R. Eiksund,
and M. A. Liingaard. “Influence of installation
method on static lateral response of displace-
ment piles in sand”. In: Geotechnique Letters
9.3 (2019), pp. 193–197. issn: 20452543. doi:
10.1680/jgele.18.00191.

[4] M. Bakroon, R. Daryaei, D. Aubram, and F.
Rackwitz. “Numerical evaluation of buckling in
steel pipe piles during vibratory installation”.
In: Soil Dynamics and Earthquake Engineering
122 (2019), pp. 327–336. issn: 0267-7261.

[5] E. Bauer. “Calibration of a comprehensive con-
stitutive equation for granular materials”. In:
Soils and Foundations 36 (1996), pp. 13–26.

[6] F. Burali d’Arezzo, S. Haigh, M. Talesnick, and
Y. Ishihara. “Measuring horizontal stresses dur-
ing jacked pile installation”. In: Proceedings of
the Institution of Civil Engineers - Geotechnical
Engineering 168.4 (2015), pp. 306–318.

[7] M. Cecconi, A. DeSimone, C. Tamagnini, and
G. M. Viggiani. “A constitutive model for gran-
ular materials with grain crushing and its ap-
plication to a pyroclastic soil”. In: International
Journal for Numerical and Analytical Methods
in Geomechanics 26.15 (2002), pp. 1531–1560.
issn: 03639061. doi: 10.1002/nag.257.

[8] Y. F. Dafalias and M. T. Manzari. “Simple Plas-
ticity Sand Model Accounting for Fabric Change
Effects”. In: Journal of Engineering Mechan-
ics 130.6 (2004), pp. 622–634. issn: 0733-9399.
doi: 10.1061/(asce)0733-9399(2004)130:
6(622).

[9] Y. F. Dafalias and M. Taiebat. “SANISAND-
Z: zero elastic range sand plasticity model”. In:
Géotechnique 66.12 (2016), pp. 999–1013. doi:
10.1680/jgeot.15.P.271.

[10] R. Daryaei, M. Bakroon, D. Aubram, and F.
Rackwitz. “Numerical evaluation of the soil be-
havior during pipe-pile installation using impact
and vibratory driving in sand”. In: Soil Dy-
namics and Earthquake Engineering 134 (2020),
p. 106177. issn: 02677261. doi: 10.1016/j.
soildyn.2020.106177.

11



Staubach et al. (2023)

[11] J. Dijkstra, W. Broere, and O. M. Heeres. “Nu-
merical simulation of pile installation”. In: Com-
puters and Geotechnics 38.5 (2011), pp. 612–
622. issn: 0266-352X. doi: https://doi.org/
10.1016/j.compgeo.2011.04.004.

[12] G. J. Dyson and M. F. Randolph. “Monotonic
Lateral Loading of Piles in Calcareous Sand”.
In: Journal of Geotechnical and Geoenviron-
mental Engineering 127.4 (2001), pp. 346–352.
doi: 10.1061/(ASCE)1090-0241(2001)127:
4(346).

[13] S. Fan, B. Bienen, and M. F. Randolph. “Ef-
fects of Monopile Installation on Subsequent
Lateral Response in Sand. II: Lateral Loading”.
In: Journal of Geotechnical and Geoenvironmen-
tal Engineering 147.5 (May 2021), p. 04021022.
issn: 1090-0241. doi: 10 . 1061 / (ASCE ) GT .
1943-5606.0002504.

[14] S. Fan, B. Bienen, and M. F. Randolph. “Cen-
trifuge study on effect of installation method
on lateral response of monopiles in sand”.
In: International Journal of Physical Modelling
in Geotechnics 21.1 (2021), pp. 40–52. issn:
20426550. doi: 10.1680/jphmg.19.00013.

[15] S. Fan, B. Bienen, and M. F. Randolph. “Effects
of Monopile Installation on Subsequent Lateral
Response in Sand. I: Pile Installation”. In: Jour-
nal of Geotechnical and Geoenvironmental En-
gineering 147.5 (2021), p. 04021021. issn: 1090-
0241. doi: 10.1061/(asce)gt.1943- 5606.
0002467.

[16] J. Grabe and E. Heins. “Coupled deformation-
seepage analysis of dynamic capacity tests on
open-ended piles in saturated sand”. In: Acta
geotechnica 12.1 (2016), pp. 211–223. issn: 1861-
1133.

[17] F. Hamad. “Formulation of the axisymmetric
CPDI with application to pile driving in sand”.
In: Computers and Geotechnics 74 (2016),
pp. 141–150. issn: 18737633. doi: 10.1016/j.
compgeo.2016.01.003.

[18] T. Hamann, G. Qiu, and J. Grabe. “Appli-
cation of a Coupled Eulerian-Lagrangian ap-
proach on pile installation problems under par-
tially drained conditions”. In: Computers and
Geotechnics 63 (2015), pp. 279–290. issn: 0266-
352X. doi: https://doi.org/10.1016/j.
compgeo.2014.10.006.

[19] T. Hamann, G. Qiu, and J. Grabe. “Appli-
cation of a Coupled Eulerian–Lagrangian ap-
proach on pile installation problems under par-
tially drained conditions”. In: Computers and
Geotechnics 63 (Jan. 2015), pp. 279–290. doi:
10.1016/j.compgeo.2014.10.006.

[20] E. Heins and J. Grabe. “Class-A-prediction of
lateral pile deformation with respect to vibra-
tory and impact pile driving”. In: Computers
and Geotechnics 86 (2017), pp. 108–119. issn:
18737633. doi: 10.1016/j.compgeo.2017.01.
007.

[21] S. Henke and J. Grabe. “Numerical investiga-
tion of soil plugging inside open-ended piles with
respect to the installation method”. In: Acta
Geotechnica 3.3 (2008), pp. 215–223.

[22] B. Hoffmann, J. Labenski, and C. Moormann.
“Effects of Vibratory Driving of Monopiles on
Soil Conditions and Their Cyclic Lateral Load
Bearing Behavior”. In: 4th International Sym-
posium on Frontiers in Offshore Geotechnics.
Vol. 49. 0. 2020, pp. 714–724.

[23] A. F. Homayoun Rooz and A. Hamidi. “A nu-
merical model for continuous impact pile driving
using ALE adaptive mesh method”. In: Soil Dy-
namics and Earthquake Engineering 118 (2019),
pp. 134–143. issn: 02677261. doi: 10.1016/j.
soildyn.2018.12.014.

[24] R. J. Jardine, B. T. Zhu, P. Foray, and
Z. X. Yang. “Measurement of stresses around
closed-ended displacement piles in sand”. In:
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T. Wichtmann. “Impact of the installation on
the long-term cyclic behaviour of piles in sand: A
numerical study”. In: Soil Dynamics and Earth-
quake Engineering 138 (2020), p. 106223. issn:
02677261. doi: 10 . 1016 / j . soildyn . 2020 .
106223.

[53] P. Staubach, J. Machaček, J. Skowronek, and
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