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Investigations on macro-element modelling of bucket
foundations for offshore wind turbines

Aligi Foglia1, Laura Govoni2, Guido Gottardi2, Lars Bo Ibsen1

1Department of Civil Engineering, Aalborg University
2DICAM, University of Bologna

In this report a macro-element model for bucket foundationsis formulated

and validated against small-scale experimental results. The topics investigated

are the response of the foundation under general monotonic loading and the

long-term accumulated displacements under cyclic loading. The macro-model

for shallow foundations proposed by Nova and Montrasio (1991) is modified

to comply with the response of skirted foundations for offshore wind turbines

under general loading. On the base of di Prisco et al. (2003a), the constitutive

relationship is modified to account for cyclic loading. The validation of the

macro-model against the physical experiments shows promising results.

1 Introduction

Offshore wind turbines (OWTs) are light and dynamically sensitive structures. This determines

a unique loading condition which consists of large cyclic overturning momentM, relatively

large cyclic horizontal loadH and small vertical loadV. The design of these structures is mostly

driven by the dynamic properties of the system and by the long-term response under cyclic load-

ing in terms of stiffness and accumulated displacements (Haigh, 2014). This report deals with
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the substantially drained response of bucket foundations under monotonic and cyclic loading.

More specifically, a macro-model to evaluate the response ofbucket foundations supporting

OWTs, is formulated. This chapter includes a literature review and a description of the contri-

bution of the paper. The chapter “Physical modelling” presents the experiments used to calibrate

the parameters of the model. The chapter “Analytical modelling” describes the analytical mod-

els used and shows comparisons with the experimental results.

1.1 Literature review

Through macro-element modelling, preliminary estimations of the response of a geotechnical

system can be obtained. This technique is applicable to manykinds of geotechnical problems

but its primary and best-known application is on shallow foundations. In Wood (2012) three

different applications of macro-element modelling are thoroughly described. Generally speak-

ing, a macro-model consists of three elements: geotechnical structure, surrounding soil and

displacement or load field applied to the system,cf. Figure 1. For shallow foundations, the

concept has perhaps its origin with Roscoe and Schofield (1956). During the last decades, the

theory of plasticity has been employed by a number of researchers to investigate the response

of shallow foundations under general loading. The main objective of these studies has been to

overcome the traditional semi-empirical method to calculate the bearing capacity in favor of a

new approach capable of capturing the non-linearity of the problem and suitable for numerical

simulations. An early study on interaction diagrams is Butterfield and Ticof (1979). Subse-

quently, Nova and Montrasio (1991) derived a model for stripfooting. Gottardi and Butterfield

(1993, 1995) carried out important studies on shallow footings, addressing failure surfaces and

displacement patterns under general planar loading. Martin (1994) conceived Model B for

spudcans on clay. Gottardi et al. (1999) developed the basisfor Model C (footings on sand)

which was then completed by Houlsby and Cassidy (2002). Byrne and Houlsby (2001) extrap-
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Figure 1: Fundamental macro-element components: foundation, surrounding soil and three-
dimensional load field

olated the yielding surfaces for footings on carbonate sands. Bienen et al. (2006) explored the

behaviour of footings in six degrees of freedom (6-DOF). To calibrate a macro-model, physical

experiments are essential. Often, in order to extrapolate the necessary model parameters, load-

ing paths that do not resemble possible real loading conditions must be carried out. 1g physical

models have been by far used to obtain the model parameters. Recently, also centrifuge tests

have been conducted on this purpose. To a large extend centrifuge data corroborated the findings

of single gravity modelling (Govoni et al., 2011; Zhang et al., 2014).

Of current interest is cyclic macro-modelling. The majority of the studies on cyclic macro-

modelling concerns structures under seismic excitations.In the last decade, many contributions

have been given to this research topic. A comprehensive and very informative document on

this theme is di Prisco (2012). Cremer et al. (2001) describea macro-element formulation for

a shallow foundation in plain strain. They suggest a multi-surface plasticity model and take

into account the non-linearity of the material and the non-linearity due to the partial uplift of

the footing. Chatzigogos et al. (2011) developed further the work of Cremer et al. (2001) and

conceived a bounding surface hypoplastic model. Nguyen-Sy(2006) derived a hyperplastic

model (Houlsby and Puzrin, 2007) and applied it to bucket foundations. di Prisco et al. (2003a,
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2003b) integrated the Nova and Montrasio (1991) model with aboundary surface model to

represent cyclic loading. An application of the latter is presented in di Prisco et al. (2006).

Buscarnera et al. (2010) used the same model to calculate theaccumulated displacement of

onshore wind turbine on gravity based foundation under windloading. Kafle and Wuttke (2013)

slightly modified the model of Nova and Montrasio (1991) and di Prisco et al. (2003a) to predict

the response of a footing on unsaturated soil. Salciarini and Tamagnini (2009) proposed a

hypoplastic macrolement for surface footings. The same model was then expanded to 6-DOF

in Tamagnini et al. (2013).

1.2 Outline of the study

The aim of this study is to show that experimental results of bucket foundations under mono-

tonic and cyclic loading can be interpreted by means of a macro-element model. Prior to model

the cyclic loading response, it is fundamental to have a reliable and consistent description of

the monotonic behaviour. The model chosen for interpretingthe monotonic experiments is the

Nova and Montrasio (1991) model (NMM). This choice is drivenby the possibility of mod-

elling long-term cyclic loading as elucidated in di Prisco et al. (2003a, 2003b) and Buscarnera

et al. (2010). In order to have satisfying match with the experimental data, the NMM is nec-

essarily modified. A simplified version of the boundary surface model proposed by (di Prisco

et al., 2003a) is incorporated into the modified NMM to model the cyclic loading response.

The macro-model simulates satisfactorily the physical response. Particularly, the comparison

with four experimental cyclic tests is encouraging and reveals that certain features of the cyclic

behaviour can be replicated by the macro-model.

It should be said upfront that a rigorous extrapolation of the model parameters is beyond the

scope of this work. Regardless, the results achieved are meaningful and clearly highlight the

potential of the model.
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2 Physical modelling

A large number of single gravity tests of bucket foundationswere carried out at Aalborg Uni-

versity to explore the cyclic lateral response of the foundation in dense saturated sand (Foglia

et al., 2014). Based on the experimental results, the empirical model predicting the long-term

accumulated rotation proposed by LeBlanc et al. (2010) was calibrated for dense saturated sand

and extended to three different embedment ratios,d/D = 0.5, d/D = 0.75 andd/D = 1

whered is the embedment length andD the diameter of the foundation. In this study a more

sophisticated interpretation based on the macro-element philosophy is proposed. In this section

a selected series of tests which are necessary to the model formulation is presented. Nine mono-

tonic tests and four cyclic loading tests are chosen to extrapolate some of the model parameters

and to validate the model. All the experiments are listed in Table 1 whereMR is the moment

capacity andMmax andMmin are the maximum and the minimum moment applied in a cyclic

loading test. Eight monotonic tests (S13, S19, S25, S26, S27, S28, S29 and S30) are constantV

tests with five differentM/(HD) ratios. One monotonic test (S64) is a pure vertical loading test

until failure. The cyclic loading tests are constantV tests withM/(HD) = 1.987. The three

different loading paths are represented on the three two-dimensional load planes,(M/D − V ),

(M/D − H) and(H − V ), in Figure 2. The tests were conducted with two different rigs but

with the same bucket foundation and on the same sand, AalborgUniversity Sand No. 1 (cf.

Table 2 for the index properties of the sand). The bucket foundation tested is made of steel and

has the following features: outer diameter,D = 300 mm, length of the skirt,d = 300 mm,

wall thickness,t = 1.5 mm, lid thickness,tl = 11.5 mm and self-weight,W = 125 N. The

cyclic tests and all the monotonic tests except for S64, wereconducted with the experimental

rig described in detail in Foglia et al. (2014). The size of the sand sample is 1600 x 1600 x 1150

mm; a picture of the setup is shown in Figure 3.
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Figure 2: The three loading paths a, b and c on the three two-dimensional load planes: a) mono-
tonicV test until failure; b) monotonic constantV test until failure, with constantM/(HD); c)
cyclic constantV test until failure, with constantM/(HD)

Table 1: Selected experimental tests for the model calibration and validation

.

Test M/(HD) V Mmax/MR Mmin/Mmax

name [-] [N] [-] [-]
S13 3.010 241 - -
C16 1.987 241 0.403 -0.047
C18 1.987 241 0.299 -0.042
S19 1.987 241 - -
C20 1.987 241 0.353 -0.595
S25 1.100 241 - -
S26 5.820 241 - -
S27 8.748 241 - -
S28 5.819 241 - -
S29 3.010 241 - -
S30 1.987 241 - -
S33 1.987 241 0.377 -0.316
S64 Pure vertical loading test
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Table 2: Index properties of Aalborg University sand No. 1

.

Property Value Unit
Grain diameter corresponding to 50% passing 0.14 [mm]
Uniformity coefficient 1.78 [-]
Specific grain density 2.64 [-]
Maximum void ratio 0.86 [-]
Minimum void ratio 0.55 [-]

Figure 3: Picture of the experimental rig adopted to performall the tests except for S64

The vertical load acting on the foundation during the tests includes the buoyant self-weight of

the bucket and the weight of the measuring system mounted on the foundation.V is for each

test equal to 241 N. The monotonic tests were displacement controlled tests until failure. One

example of load-displacement curves for eachM/(HD) ratio is illustrated in Figure 4. The

cyclic tests were load controlled with loading frequencyfl = 0.1 Hz and number of cycles

N = 5· 104. Figures 5 and 6 depict the first 100 cycles of test C16.

A second testing rig, with a much more powerful actuator and alarger sand sample, was em-

ployed to run the pure vertical loading test until failure, test S64. This testing rig was designed

to test bucket foundations withD = 1000 mm. A detailed description of the laboratory setup
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is available in Vaitkunaite et al. (2014). In test S64, a local shear failure of the soil can be

observed,cf. section 3.1.2.

The bearing capacity of the foundation is obtained asVM = 91.66 kN. Throughout the report a

ratioV/VM = 0.0026 is used for the simulations and the interaction diagram comparisons. For

both the laboratory setups, the sample was prepared by mechanical vibration of the soil. This

technique allowed to have dense or very dense samples. The relative densityDr, is calculated

by interpreting small scale cone penetration test data withan empirical correlation. The average
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Figure 7: Sign conventions, after Butterfield et al. (1997)

Dr of the selected tests is 88.25%.

The sign convention for loads (V , H, M) and displacements (w, u, θ) is chosen according to

the unified and consistent system proposed by Butterfield et al. (1997). Figure 7 depicts the sign

conventions.

3 Analytical modelling

In this chapter the models used to interpret the experimental data are described. The calibration

of some of the parameters is carried through on the base of theavailable experimental data. All

assumptions and uncertainties are pointed out. Some pointsof discussion on the calibration of

the parameters and on the model architecture are put forward.

3.1 Monotonic loading

3.1.1 Model architecture

The macro-element model of Nova and Montrasio (1991) is based on the classic framework

of elasto-plasticity and was conceived to predict the mechanical response of a strip footing

on a homogeneous soil layer under combined planar loading. The validity of the model was
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then extended to different shallow foundations by Montrasio and Nova (1997), and to strip

foundation under cyclic loading by di Prisco et al. (2003a).The model consists of five elements:

elastic matrix, yielding surface, plastic potential, hardening law and flow rule. Following the

rules of strain-hardening models the elements are combinedto form the flexibility matrixC,

which relates the vector of normalised incremental displacementsdq, to the vector of normalised

incremental forcesdQ:

dq = CdQ (1)

whereq is the generalised vector of normalised displacements whereasQ is the generalised

vector of normalised loads.q andQ are defined as:

q =





η
ε
ζ



 = VM





w
µu
ψDθ



 (2)

Q =





ξ
h
m



 =
1

VM





V
H/µ

M/(ψD)



 (3)

whereµ andψ are constitutive dimensionless parameters of the model.

Elasticity matrix The elasticity matrix,Ke, is defined as:

Ke = diag(kV , kH , kM) (4)

Its elements are evaluated according to Doherty and Deeks (2003). To calculate the components

of Ke, an elastic modulus,E = 25 MPa, and a Poisson ratio,ν = 0.2, are assumed.

Yielding surface The original yielding surface of the NMM is:

f =

(

H

VMµ

)2

+

(

M

DVMψ

)2

−

(

V

VM

)2(

1−
V

VMρc

)2β

(5)

whereρc is the hardening parameter,VM the bearing capacity of the foundation andβ a consti-

tutive parameter of the model. By substituting the load components according to eq. 3, eq. 5
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becomes:

f = h2 +m2 − ξ2
[

1−

(

ξ

ρc

)]2β

(6)

In the three-dimensional load space(V −H −M/D) the yielding surface is an ellipsoid while

in the three-dimensional normalised load space(ξ − h − m) the yielding surface becomes a

spheroid.

When using the strain-hardening plasticity frameworks it is typical to normalise the loads by

V0 which is the maximum vertical load ever applied to the foundation (Villalobos et al., 2009;

Houlsby and Cassidy, 2002; Gottardi et al., 1999). This is apparently not the case in eq. 5. It

should be clear though thatρc = V0/VM and, therefore, by simply substitutingVM with V0/ρc,

eq. 5 becomes normalised byV0.

To include the contribution of the skirt to the resistance, eq. 5 is modified similarly to Villalobos

et al. (2009):

f =

(

H

VMµ

)2

+

(

M

DVMψ

)2

−

(

V

VM
+ t0ρc

)2(

1−
V

VMρc

)2β

(7)

It is worth noting that by includingt0 in the formulation, the model has no longer a closed form

solution.

Equation 7 differs from that of Villalobos et al. (2009) in three aspects. First, it is expressed by

means ofVM and notV0. Second, there is no term relative to the eccentricity of thesurface in

the(H−M/D) load plane. The third and most substantial difference is that t0 is not a function

of V0 and is defined asVtM/VM whereVtM is the drained pull out resistance of the foundation.

VM was found experimentally with test S64. To calculateVtM a failure model in tension must be

chosen. A pertinent failure model in tension is that in whichthe bucket foundation and the soil

plug are involved in the pull out. As a result of that, the contributions of the pull out drained

resistance are three: the buoyant weight of the foundationW ′

f , the buoyant weight of the soil
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plugW ′

p and the tangential forces acting on the outer skirt.VtM can then be expressed as follows:

VtM = 2πro

∫ d

0

τodx+W ′

f +W ′

p (8)

wherero is the outer radius of the foundation andτo is the shear stress along the wall. Obviously,

VtM (and thust0) is influenced by the choice of the soil-steel interface angle and the coefficient

of lateral earth pressure. After scrupulous considerationand comparison with Villalobos (2006)

a value oft0 = 0.007 was taken. A more detailed discussion ont0 is given in section 3.1.4.

The choice of using equation 7 is justified by the following observation. Standard dimensions of

bucket foundations for real-scale OWTs are listed in Table 3together with the load conditions

suggested by Byrne (2013) and Lesny (2011). In Table 3,h is the load eccentricity, the sub-

scripts “w” stands for waves and currents and the subscript “wi” stands for wind. To calculate

the range ofM/(HD), the maximumM is divided by the minimum values of(HD) whereas

the minimumM is divided by the maximum values of(HD). It should be mentioned though

that most likely the real load paths will lie in the middle of the range and not in the region

around the boundaries. In Figure 9 the loading path range forbucket foundations supporting

OWTs is plotted together with the failure envelopes of Villalobos et al. (2009) and Nova and

Montrasio (1991). To plot the envelope of Villalobos et al. (2009) the parameters of Ibsen et

al. (2014), calibrated with small scale tests until failure, are adopted (except fort0 which is set

equal to 0.007). The parameters used to plot the envelope of the NMM are derived in section

3.1.2. In Figure 9 it is seen that in the sector of interest forOWTs the two envelopes give a

fairly similar representation of the ultimate resistance.For the sake of completeness, it is worth

to mention that the discrepancy between the two failure envelopes is exacerbated in the second

quadrant. However, the load path is unlikely to lie on the second quadrant, unlessV acts on the

foundation with a large horizontal eccentricity.
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Figure 8: Sketch of an OWT
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Table 3: Range of features of a bucket founda-
tion supporting a standard offshore wind tur-
bine, (Byrne, 2011; Lesny, 2011)

.

Value Unit Maximum Minimum
Hw [MN] 10 3
Hwi [MN] 2 1
hw [m] 40 20
hwi [m] 120 90
D [m] 18 14
M [MNm] 640 150
H [MN] 12 4
V [MN] 35 6

M/(HD) [-] 11.43 0.69

Plastic potential In analogy with the yielding surface, the plastic potentialdiffers from the

original model only by the inclusion of the parametert0:

g = (λh)2 + (χm)2 − (ξ + t0ρg)
2

[

1−

(

ξ

ρg

)]2β

(9)

In eq. 9ρg is a fictitious variable whereasλ andχ are constitutive dimensionless parameters.
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Hardening law The hardening law is the rule by which the evolution of the hardening param-

eter,dρc, is defined as a function of the increment of plastic displacements,dqp:

dρc = (1− ρc)
R0

VM

(

dη +
α |dε|

µ
+
γ |dζ |

ψ

)

(10)

In eq. 10,α andγ are constitutive dimensionless parameters whileR0 is the initial stiffness of

theV − w curve extrapolated in section 3.1.2. A discussion on the hardening law is proposed

in section 3.1.5.

Flow rule The flow rule is consistent with the original model, and more generally, with the

standard theory of plasticity. When the conditionsf = 0 anddf = 0 are fulfilled, the incremen-

tal plastic displacementsdqp can be expressed by:

dqp = Λ
∂g

∂Q
(11)

whereΛ is the plastic multiplier.

3.1.2 Calibration of the modified NMM

Failure envelope (µ,ψ andβ) The monotonic tests were run until failure of the geotechnical

system. Thus, the yielding surface extrapolated is a failure surface (ρc = 1). Tests exploring

the yielding surfaces were not possible with any of the experimental rig available. Hence, it

is a fundamental assumption of the model that each and every yielding surface differs from

the failure surface only in size,i.e. by the value ofρc. Moreover, to calibrate the failure

envelope the variety of experiments was limited to only constant V tests with five different

M/(HD) ratios. This gives however sufficient information on the region of the load space

(V − H − M/D) of interest for OWTs,i.e. V/VM very close to the origin of the axes and

loading paths with no change inV . The original (eqs. 5 and 6) and the modified (eq. 7) failure

envelopes are calibrated with the same set of experimental data. Figure 10 shows two failure
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Figure 10: Calibration of the failure envelope of original and modified NMM on the base of
experimental data

envelopes with the experimental points and the load range for OWTs in the normalised load

plane (H/VM −M/(DVM)) atV/VM = 0.0026. The two envelopes are that of Villalobos et al.

(2009) with the parameters of Ibsen et al. (2014) and that of the modified NMM. The original

NMM is calibrated in order to be equal to the modified NMM atV/VM = 0.0026. The purpose

of that is to underline how essential the inclusion oft0 is in the formulation of the model when

trying to fit the experimental load-displacement curves with the two models,cf. section 3.1.3.

Since the number of failure points is scarce, no best fit of thedata is attempted. Rather, a

conservative fit which encompasses all the experimental points is adopted. The parameterβ is

set equal to 0.95 as suggested in literature by Montrasio andNova (1997). Appropriate values

of µ andψ for the modified yielding surface are 0.73 and 0.86 respectively.

R0 and VM The bearing capacity of the foundation,VM, and the initial vertical stiffness,R0,

can be extrapolated from theV − w curve of test S64. Such curve is shown in Figure 11.

The value ofV at the end of the skirt penetration (point A in Figure 11) is the result of the
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Figure 11: ExperimentalV − w curve, and fit of the initial stiffness

reaction vertical forces due to tip end bearing and wall friction. By fitting with a straight line

the initial points of the curve,R0 is evaluated as 3202 kN/m. Strictly speaking, this value ofR0

is not accurate. To gain the exact value ofR0 the foundation should be unloaded as soon as full

penetration is achieved and then re-loaded. During test S64no unloading phase was performed

after full penetration of the foundation. Nevertheless, the precision ofR0 is considered sufficient

for the scope of the paper.

In Figure 11 a local shear failure of the soil can be observed in correspondence to an abrupt

change in stiffness (w = 326.2 mm).VM is taken equal to 91.66 kN.

α, γ, λ and χ As elucidated in Nova and Montrasio (1991), to calibrate theparameters of

the potential and of the hardening rule, pureH and pureM tests are necessary. Although, when

the load eccentricity ratioM/(HD) exceeds a certain value, the behaviour of the foundation

is no longer significantly affected by the increase of vertical eccentricity (see test S27 and

S28 in Figure 4). This applies to both load-displacement curves and displacement trajectory

curves. Evidence of such response is given in Figure 12, where the standard NMM with standard
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parameters is used to predict a pureM (M/(HD) = ∞) test and a test withM/(HD) = 8.7.

The two trajectories match very well, meaning that the test with M/(HD) = 8.7 (test S27), can

be used instead of a pureM test to calibrateχ andγ. Two parameters that give a reasonable fit

of theθ − w trajectory areχ = 10.5 andγ = 3 (cf. Figure 13).

The other two parameters, namelyα andλ, are evaluated by conducting a parametric study

trying to match the load-displacement curves and the displacement trajectories of the available

tests. Appropriate values forα andλ are 11 and 10.5 respectively.

3.1.3 Model validation

The parameters of the original NMM are evaluated with the same procedure explained in section

3.1.2 for the modified NMM. As shown in Figure 14, by using the original NMM, the load-

displacement curves achieved cannot simulate the experimental data. By adopting the modified

version of the NMM, both load-displacement curves and displacement trajectories curves are

reasonably well predicted (cf. Figure 15 - Figure 30). As expected, not all tests are equallywell

represented by the model. Nonetheless, it is partly reassuring to note that the largest deviation
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Figure 14: Original NMM prediction of test S30

between analytical and experimental results is found in those curves which are most affected

by the parameters gained by trial and error procedure (u-w trajectories of Figure 24 and Figure

26). Also theM-θ curves of the same tests (Figure 23 and Figure 25) are overpredicted by

the model. The displacement trajectoryθ-w, which was more rationally calibrated, appears to

be consistent throughout the entire tests series. This observation however, does not exclude a

possible weak point of the model when dealing with the prediction of theu-w trajectories.
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Figure 15: Modified NMM prediction of test
S13, load-displacement curves
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Modified NMM prediction
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Figure 16: Modified NMM prediction of test
S13, displacement trajectories
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Modified NMM prediction
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Figure 17: Modified NMM prediction of test
S19, load-displacement curves

−2.5 −2 −1.5 −1 −0.5 0
0

2

4

6

8

w [mm]

u 
[m

m
]

 

 

Test S19
Modified NMM prediction
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Figure 18: Modified NMM prediction of test
S19, displacement trajectories
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Modified NMM prediction
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Figure 19: Modified NMM prediction of test
S25, load-displacement curves
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Modified NMM prediction

−2 −1.5 −1 −0.5 0
0

0.5

1

1.5

w [mm]

θ 
[d

eg
]

Figure 20: Modified NMM prediction of test
S25, displacement trajectories
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Test S26
Modified NMM prediction
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Figure 21: Modified NMM prediction of test
S26, load-displacement curves
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Modified NMM prediction
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Figure 22: Modified NMM prediction of test
S26, displacement trajectories
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Modified NMM prediction
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Figure 23: Modified NMM prediction of test
S27, load-displacement curves
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Modified NMM prediction
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Figure 24: Modified NMM prediction of test
S27, displacement trajectories
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Test S28
Modified NMM prediction
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Figure 25: Modified NMM prediction of test
S28, load-displacement curves
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Modified NMM prediction

−2.5 −2 −1.5 −1 −0.5 0
0

1

2

w [mm]

θ 
[d

eg
]

Figure 26: Modified NMM prediction of test
S28, displacement trajectories
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Test S29
Modified NMM prediction

0 0.5 1 1.5
0

100

200

θ [deg]

M
 [N

m
]

Figure 27: Modified NMM prediction of test
S29, load-displacement curves
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Figure 28: Modified NMM prediction of test
S29, displacement trajectories
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Figure 29: Modified NMM prediction of test
S30, load-displacement curves
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Test S30
Modified NMM prediction
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Figure 30: Modified NMM prediction of test
S30, displacement trajectories

The incapability of the original NMM to reproduce the experimental results is attributed to

the radically different way in which the yielding surface expands in the two models during

monotonic loading. As shown in Figure 31, when using the original NMM, there is no gradual

transition from one yielding surface to the other. All the yielding surfaces tend to collapse onto

one envelope. When includingt0 in the model formulation (see Figure 32), the path towards

failure shows a much more gradual evolution of the yielding surface than the original NMM.

This observation is true whenV/VM ≈ 0. In caseV/VM > 0, for example for oil and gas

platforms, the effect oft0 would be negligible and the original NMM could perhaps be able to

predict the response.

The parameters of the modified NMM used to match the experimental curves are summarised

in Table 4.

3.1.4 Discussion ont0

The tension parameter,t0, was introduced for the first time by Villalobos (2006) as a function of

V0 (t0 = VtM/V0). t0 was essential to his study to define a yielding surface capable to describe

loads in tension. This surface was then employed in a hyperplastic macro-model by Nguyen-
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Figure 31: Yielding surface evolution for the
original NMM
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Figure 32: Yielding surface evolution for the
modified NMM

Table 4: Parameters of the modified NMM

.
µ ψ β α γ χ λ t0 VM R0

[-] [-] [-] [-] [-] [-] [-] [-] [kN] [kN/m]
0.73 0.86 0.95 11 10.5 3 3.5 0.007 91.66 3202

Sy (2006). To not overcomplicate the model Nguyen-Sy (2006)sett0 constant. In the model

presented here,t0 is also kept constant but is calculated with the ultimate bearing capacityVM

instead ofV0. As a result, the value oft0 evaluated in this work is one order of magnitude

smaller than that of Villalobos (2006) and Nguyen-Sy (2006). Letting t0 vary according to the

development of the yielding has not been attempted here but would perhaps be of interest.

3.1.5 Discussion on the hardening law

All the tests carried out at such a small value ofV/VM showed uplift (w < 0) instead of set-

tlement (w > 0). It should be clarified that this kind of behaviour cannot bean artefact of

the experimental rig since the same finding is reported in Villalobos et al. (2009). The theory
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behind the macro-element approach defines each yielding surface as uniquely associated with a

value of the hardening parameter. This is properly elucidated, and put into concrete, in Gottardi

et al. (1999) who plotted back-calculatedV −wp curves from radial displacement and constant

V tests against the hardening law (wherewp is the irreversible vertical displacement). Obvi-

ously, the same procedure would not be possible here since the hardening law involves all three

components of the plastic displacement. A hardening law merely based on a compressiveV −w

curve would be not theoretically compatible with loading paths close to the axes origin as there,

for bucket foundations, uplift instead of settlement occurs. In the opinion of the authors this

aspects should be further investigated.

3.2 Cyclic loading

In this section a simplified version of the boundary surface model developed by di Prisco et

al. (2003a) is presented (see also di Prisco et al., 2003b; diPrisco et al., 2006; Buscarnera et

al., 2010). Originally, the model in question was designed to simulate the response of shallow

foundations subjected to a planar earthquake excitation. The version of the model presented

here is conceived to reproduce the behaviour of foundationsunder sinusoidalM andH with

constantV . As a result of that, the model is simplified and some of its elements are neglected.

The constitutive parameters are estimated by trial and error against the experimental results.

3.2.1 Model architecture

Let us assume that a point of the load spaceQ (ξQ, hQ, mQ) represents the current load state.

Boundary surface models define the amount of cyclic displacement for each load step as a

function of the distance betweenQ and an image point,I (ξI, hI, mI), that lies on a defined

boundary surface (see Figure 33). In the model presented here, the boundary surface coincides

with the yielding surface while the image point is identifiedwith an appropriate mapping rule
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Figure 33: Sketch of the mapping rule for the definition ofδ, a)dm > 0,mI > 0 andmQ > 0;
b) dm < 0,mI < 0 andmQ > 0. Elastic domain and boundary surface in bold solid line

explained in the following. The model is integrated into theNMM framework by means of the

matrixΦ which is incorporated into the flow rule as follows:

dqp = ΛΦ
∂g

∂Q
(12)

The matrixΦ is diagonal and its elements are defined as:

Φii = exp

(

−αi

√

δρc
ξ

)

exp (−βiρk) (13)

whereαi andβi are constitutive parameters,ρk is a variable updated asρc (eq. 10) andδ is a

function of the distance between the current load stateQ and the image point on the boundary

surface,I. To describe how the mapping rule works, a sketch of the normalised load plane

(m− ξ) is illustrated in Figure 33. For simplicity, a two dimensional load path with0 < mQ <

mmax is chosen. An elastic domain in which no irreversible displacements can occur, is defined

by means of the segmentAQ which is a portion of the total load path. In this study it was

deliberately chosen to set the elastic domain equal to the 75% of the total load path. According

to the sign ofdm, the pointC (ξC, hC, mC), which is necessary to discover the position ofI,

has coordinates:

ξC = ξQ −QA/2 (14)
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mC =

{

mQ −QA/2 for dm > 0

mQ +QA/2 for dm < 0
(15)

The straight line connectingC toQ identifies the image pointI on the boundary surface. The

point of intersection between the lineCI and theξ axis is namedB. The variableδ is defined

as follows:

δ =



















CB + φBI for mI < 0 andmQ > 0

CB + φBI for mI > 0 andmQ < 0

CI for mI < 0 andmQ < 0

CI for mI > 0 andmQ > 0

(16)

whereφ is a constitutive dimensionless parameter of the model. Thesecond condition of equa-

tion 16 never occurs within the loading paths modelled in this study. Nevertheless, it is included

for the sake of completeness.

The original boundary surface model of di Prisco et al. (2003a) includes a further element,

namely the memory surface. Since the loading conditions aresuch thatM andH are periodic

with constant amplitude, the memory surface is not necessary to the model definition.

The boundary surface model presented introduces 7 new non-dimensional parameters. As yet,

it is unclear how to calibrate these parameters in a systematic way. However, in the following

section, the results of a parametric study aimed at fitting the experimental long-term rotation

and horizontal displacement of the foundation is shown.

3.2.2 Model validation

In Figures 34 and 35 the load-displacement curves of test C16evaluated with the model are

shown. By comparison with Figures 5 and 6, it can be observed that some features of the cyclic

behaviour are properly simulated by the model: after each load cycle, the displacement compo-

nents accumulate, the accumulation rate decreases and the area of the hysteresis loops becomes

smaller. On the other hand, the model is unable to reproduce the increase in tangent stiffness as

a function ofN and the overlapping of hysteretic loops. The change in stiffness can be incorpo-
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Figure 34:M − θ curve of the model simulat-
ing test C16, first 100 cycles
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Figure 35:H −u curve of the model simulat-
ing test C16, first 100 cycles

rated into the model by deriving an experimentally based updating rule forKe. However, this

was not attempted in the present study as the long-term accumulated displacements, rather than

the change in unloading-reloading stiffness, was the main aim of the modelling. Figures 36-45

compare the experimental results with the model simulations. In order to neutralise the inaccu-

racy of the monotonic response and thereby analyse the cyclic modelling independently of the

monotonic behaviour, the long-term accumulated displacements of experimental and analytical

results are compared in terms of normalised displacements.The normalised rotation is defined

as (θN − θ0)/θ0, whereθN is the rotational displacement at cycleN and θ0 is the rotational

displacement at the first load cycle. The same definition applies to the normalised horizontal

displacement, but withu instead ofθ. Note that for the analytical model,θ0 = θs andu0 = us,

where the subscript “s”indicates the displacements on the monotonic curve corresponding to

Mmax. The experimental tests, even though were performed in substantially drained condition,

do not strictly satisfy this condition.

The parameters governing the cyclic behaviour are determined by trial and error from the four

experimental cyclic tests. The macro-model appears to havegood prediction abilities of the

normalised accumulated displacementsu andθ.
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Figure 36: Accumulated rotational displace-
ment of the first 1000 cycles, experimental
and analytical results for test C16
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Figure 37: Accumulated horizontal displace-
ment of the first 1000 cycles, experimental
and analytical results for test C16
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Figure 38: Accumulated rotational displace-
ment of the first 1000 cycles, experimental
and analytical results for test C18
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Figure 39: Accumulated horizontal displace-
ment of the first 1000 cycles, experimental
and analytical results for test C18
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Figure 40: Accumulated rotational displace-
ment of the first 1000 cycles, experimental
and analytical results for test C20
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Figure 41: Accumulated horizontal displace-
ment of the first 1000 cycles, experimental
and analytical results for test C20
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Figure 42: Accumulated rotational displace-
ment of the first 1000 cycles, experimental
and analytical results for test C33
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Figure 43: Accumulated horizontal displace-
ment of the first 1000 cycles, experimental
and analytical results for test C33

To achieve a proper quantitative match of the experimental results, the cyclic parameters related

tou andθ have necessarily to be changed for each simulation. The parameters used in the simu-

lations are listed in Table 5. Figure 44 shows how the parameters vary as a function of the cyclic

loading magnitude ratio,Mmax/MR. A clear decreasing trend of the parameters for increasing

Mmax/MR can be observed. By including more tests in the analysis, also the dependency of the

parameters on the cyclic loading ratio,Mmin/Mmax, might be obtained. By slightly adjusting the
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parameters, the displacements at number of cycles larger than 1000 can also be predicted (cf.

Figures 45 and 46).

The reason of the variability of the parameters of the boundary surface model is to be found in

how the mapping rule is defined. It is likely that a more sophisticated mapping rule would be

able to capture the normalised displacements avoiding the dependency of the parameters on the

loading path.

Table 5: Parameters of the boundary surface model

Test αV αH αM βV βH βM φ
C16 350 5 5 70 6 6 0.01
C18 350 14 14 70 43 39 0.01
C20 350 13 13 70 27 29 0.01
C33 350 7 7 70 16 17 0.01
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Figure 44: Parameters of the boundary surface model as a function of the cyclic loading mag-
nitude ratio
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Figure 45: Rotational accumulated displace-
ment of the first 3000 cycles, experimental
and analytical results for test C18
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Figure 46: Horizontal accumulated displace-
ment of the first 3000 cycles, experimental
and analytical results for test C18

4 Conclusions and future work

In this work the possibility of interpreting experimental tests of bucket foundations under mono-

tonic and cyclic loading with a macro-element model is explored. The problem investigated

concerns monopod bucket foundations supporting offshore wind turbines. The well-known

model of Nova and Montrasio (1991) is slightly modified and used to interpret a series of mono-

tonic experimental tests. To account for cyclic loading, the model is integrated with a simplified

version of the boundary surface model of di Prisco et al. (2003a). Both monotonic and cyclic

experimental data are fairly well predicted by the analytical simulations.

Some aspects of the modelling should be further investigated. As emphasised in one of the

put forward discussions, the expression of an appropriate hardening law is not an easy task

due to the uplift event occurring under general loading atV/VM ≈ 0. This issue should be

properly addressed. Furthermore, as pointed out in Byrne (2000) and Larsen (2008), close to

the origin of the load space the failure locus can be approximated as linear. This could probably

be included in the model and reduce the complexity of the approach. Regarding the cyclic
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loading modelling, the parameters of the boundary surface model were found to be affected

by the loading path. As a result of that, the analysis of additional cyclic loading tests would

be necessary to provide the functions related to the parameters. Another way to generalise the

model would be to attempt a modification of the mapping rule. Furthermore, the combination

of different load packages would be a crucial feature to be included in the model to obtain more

realistic responses. Finally, since the model is validatedagainst small-scale experiments, its

applicability to real design situations is to be excluded until centrifuge tests or large-scale tests

will corroborate the findings of this study.

Abbreviations

OWTs offshore wind turbines
NMM Nova and Montrasio (1991) model

Nomenclature

d length of the skirt
f yielding function
g plastic potential
fl loading frequency
h load eccentricity
kV ,kH ,kM components ofKe

q vector of normalised displacements
ro outer radius of the foundation
t wall thickness
tl lid thickness
u horizontal displacement
u0 horizontal displacement of the first cycle
us horizontal displacement on the monotonic curve corresponding

toMmax

w vertical displacement
wp plastic vertical displacement
A,Q,I,C,B points of the normalised load space used for the mapping rule

description
C flexibility matrix
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D foundation diameter
Dr relative density
E elastic modulus
H horizontal load
Ke elasticity matrix
Q vector of normalised loads
V vertical load
VM bearing capacity of the foundation
VtM tensile capacity
V0 preconsolidation vertical load
MR monotonic moment capacity
Mmax,Mmin maximum and minimum cyclic moment
N number of cycles
W self-weight of the foundation
W ′

f buoyant weight of the foundation
W ′

p buoyant weight of the soil
αV ,αH ,αM ,βV ,βH ,βM ,φ parameters of the boundary surface model
µ,ψ,β,λ,χ,α,γ,R0,t0 parameters of the modified NMM
ε normalised horizontal displacement
ζ normalised rotational displacement
η normalised vertical displacement
θ rotational displacement
θ0 rotational displacement of the first cycle
θs rotational displacement on the monotonic curve corresponding

toMmax

ξ normalised vertical load
δ variable governing the mapping rule
ν poisson ratio
ρc hardening parameter
ρg fictitious variable of the plastic potential
ρk updating variable of the boundary surface model
τo shear stresses acting over the skirt
Λ plastic multiplier
Φ matrix governing the cyclic displacements accumulation
Φii components ofΦ
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