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Numerical and experimental investigation of suction anchor design aspects

R.B.J.Brinkgreve, H.G.B. Allersma & T.Simon
Delft University of Technology, Netherlands

A.A Kirstein
Suction Pile Technology, Gouda, Netherlands

ABSTRACT: For the design of suction anchors for offshore foundations API standards are applicable. In
order to investigate the exact behaviour and interaction of suction anchors in the sea bottom a combined nu-
merical / experimental research was performed at Delft University of Technology. In centrifuge tests as well
as by means of three-dimensional finite element calculations the influence of various parameters, among
which the height / diameter ratio (H/D), the mooring attachment height (b/H) and the attachment angle (o),
was investigated for suction anchors in dry sand. The research shows a good agreement between the numeri-
cal and experimental results. It is concluded that the actual horizontal bearing capacity of the suction anchors
is well beyond the maximum anchor force that is allowed according to the API standards. The research also
provides clear insight in the failure mechanism that occurs in the sea bottom due to excessive anchor forces. It
is concluded that the best position of the cable attachment point is at 2/5 of the anchor height.

This paper mainly concentrates on the numerical modelling aspects and the (graphical) results. Graphs of
the maximum anchor force are presented in non-dimensionalised form, so that they can be easily applied to

suction anchors with other dimensions.

1 INTRODUCTION

In recent years, suction anchors (or suction piles)
have been applied increasingly often in offshore en-
gineering (Wang et al., 1978; Senpere et al., 1982).
These types of anchors are attractive because of the
convenient installation method. An anchor with a
diameter of 9 m and a height of 10 m can be in-
stalled in a few hours, by using a pump only. In re-
lated experimental research (Allersma et al., 1997)
the installation process was investigated by means
of a centrifuge test and a linear relationship was
found between the pressure and typical installation
parameters such as height, diameter and wall thick-
ness. More recently, attention was focused on the
static horizontal bearing capacity (Allersma et al.,
1999).

In practice, suction anchors are used for several
different loading conditions. The horizontal loading
conditions may be significant when suction anchors
are used for the anchoring of floating offshore sys-
tems. This contribution deals again with the static
horizontal bearing capacity, but the attention is fo-
cused on numerical analysis rather than the experi-
mental results,

Since prototype tests are very expensive and time
consuming, the investigation of the bearing capacity
of real scale devices under different circumstances is
of limited practicality. In small scale tests it is much
easier to change parameters. The soil type can be
varied, as can the dimensions of the suction anchor
and other installation parameters. In a small scale test,
however, problems arise concerning the stress de-
pendent behaviour of soil. Furthermore, the measured
loads are so low that measurements are not accurate
enough to visualise differences in design. These re-
strictions can be overcome by performing small scale
tests in a geotechnical centrifuge or by means of nu-
merical simulations with the finite element method.
The latter method has become applicable to the engi-
neering practice, since nowadays finite element pro-
grams with convenient user-interfaces and automated
numerical processes, like PLAXIS, are available. It is
the authors' opinion that the combination of both
methods (FEM and centrifuge) is a strong approach to
the design of suction anchors, as an alternative to the
use of conservative API standards.

The aim of this study was to examine the influence
of several parameters, such as the anchor height (1),
the attachment point (W/H), the attachment angle (o)
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horizontal bearing capacity P of piles in sand is for-
mulated empirically for shallow depths (H/D<5) by

uIt S (CIZ+C2D)YSZ (1)

and for large depths (more than 10 times the pile
diameter) by

Putd= CsDysz @

where z = depth below mudline, D = pile di-
ameter, ys = unit weight of soil and C1, C2, C3 are
coefficients depending on the soil internal friction.
The values used for C are presented in Tablel.

Table 1. Used C-values in the API calculation.

o [°] Cl Cc2 C3

25 1.25 2.00 15.00
30 1.93 2.67 28.15
32 2.45 3.17 40.38

The API calculation assumes that the pile is
loaded purely horizontally (o = 0°).

4 CENTRIFUGE TESTS

In the framework of this research, more than 20
centrifuge tests were carried out to examine the in-
fluence of the different parameters on the horizontal
bearing capacity of suction anchor scale models.
The tests were performed on dry dune sand at an
artificial gravity of 150g. For the suction anchor
scale models, brass cylinders with a constant di-
ameter (D) of 0.03m (4.5m in prototype) and differ-
ent heights (H = 0.03m, 0.05m and 0.07m) were
used. The load was applied by attaching a cable at
the desired position and desired inclination to the
anchor and by pulling the cable backwards at a
speed of approximately 2mm per minute, while the
displacement and the reaction force were measured.
For more details on the centrifuge modelling refer-
ence 1s made to Allersma et.al., 1998.

5 FINITE ELEMENT MODEL

Together with the experimental work, 3D finite ele-

ment calculations were made to check the results of

the centrifuge tests and to evaluate to what extend
lmth n’)(thods can be used for the design of suction
e FEM analyses were made with a pre-

PLAXIS Version 6, With this version it 1s possible o
ne axisymmetric structures with non-axisym-

3D module for laterally loaded piles of

metric loads using a full 3D formulation. Based on a
2D input of the geometry and element distribution,
the model is extended into a full 3D model, using 20-
node (quadratic) brick elements with 2x2x2 points
Gaussian integration. These elements were used for
the modelling of the soil as well as for the anchor and
the interaction between the anchor and the soil. It was
not aimed to model the thickness of the anchor plate
and the interaction zone precisely, so arbitrary small
rows of elements were used for to model these items
in combination with proper model parameters.

The displacement boundary conditions were such
that the nodes at the bottom were fully fixed and the
nodes at the outer vertical boundary could only move
in vertical direction, whereas the other boundary
nodes were fully free to move. An example of a three-
dimensional mesh with 196 20-node elements as used
for the analysis of a suction anchor is shown in Fig.1.
For the modelling of soil behaviour in the preliminary
3D module only the Mohr-Coulomb model was avail-
able. The soil behaviour was assumed to be drained.
The effective parameters as used in most of the analy-
ses are listed in Table 2. For the interface layer be-
tween the anchor and the soil the same model pa-
rameters were used, except for the friction angle,
which was taken 22 degrees, i.e. a reduction of 0.63
compared to tan@s. The anchor wall was modelled
by means of Hooke's law for isotropic elasticity, us-
ing an arbitrary high Young's modulus of more than
10 times the modulus of the surrounding soil.

The initial vertical stresses were generated from
the weight of the soil column. The initial horizontal
stresses were a factor Ko times the initial vertical
stresses, where Ko was based on Jaky's formula
1-singp. Water pressures were not considered at all.

Special attention was paid to the of modelling the
attachment point of inclined loads. In reality, the load
acts at one side of the anchor, resulting in an addi-
tional overturning moment. This situation can exactly
be modelled in the centrifuge tests, but in the numeri-
cal model the load acts in horizontal direction all
around the anchor. As a result, the attachment point is
effectively located in the centre of the model and does
not introduce the additional overturning moment. In
order to match the conditions and results of the centri-
fuge tests, a vertical correction, Av, had to be made to
the attachment point, which is given by:

Av=-0.5D tana 3)

According to Eq. (3), the corrections for different
attachment angles for an anchor diameter of 4.5 m
are:
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Figure 1. 3D FE mesh for analysis of suction anchor
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Table 2. Model parameters used for dune sand

Parameter Symbol Value Unit
Unit weight ¥ 17.0 kN/m®
Young's modulus E' 15000 KN/m’
Poisson's ratio V' 0.35 -
Cohesion c' 1.0 kN/m®
Friction angle o' 33.0 °
Dilatancy angle Y 3.0 °

6 CALCULATIONS AND RESULTS

Starting from the initial stress state, a first elasto-
plastic calculation was performed on a standard
configuration in which the load was stepwise in-
creased until failure. The standard configuration in-
volves the following set of parameters:

Anchor height, H: 7.5m

Diameter, D: 45m (H/D=1.33)
Attachment height, h: 3.0m (WH =0.4)
Attachment angle, a:  15°

Model parameters:  according to Table 2

Fig. 2 shows the development of the load as a
function of the displacement at the top of the anchor
for the standard configuration. From the plot the
maximum anchor force, P, can be evaluated, which
is around 14800 kN. This value serves as a refer-
ence value for other situations.

Fig. 3 shows a 3D plot of the deformed mesh at
the moment when the maximum anchor force is
reached.

Force {kN}
16000
14000 +
12000
10000
8000
5000 +
4000 i
2000 -
0!
[ 200 400 600 800 1000
Dinptacamant {raem}

Figure 2. Load-digplacement curve for standard
configuration
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Figure 4. Comparison of non-dimensionalised forces
(attachment angle variation).

Fig. 4 shows a comparison between numerical cal-
culations and centrifuge. test results for a variation of
the attachment angle. The maxirmum anchor force
calculated by the finite element method is generally
10% higher than the results from the centrifuge tests.
This over-estimation is due to the fact that a relatively
coarse 3D finite element mesh was used. Neverthe-
less, the tendency is the same in the sense that both
methods predict a similar decrease of the horizontal
bearing capacity with increasing attachment angle.
Fig. 5 shows a comparison of results for a varying
attachment height ratio. The variations of the maxi-
mum anchor force are quite strong, especially in the
h/H-range between 0.4 and 0.6. Although the numeri-
cal results are again some 10% higher than the ex-
perimental results, they both show the same tendency
in the sense that the horizontal bearing capacity is de-
creasing with increasing attachment height. On ex-
trapolating these results it may be concluded that the
best position to attach the cable is at the bottom of the
anchor. In practice, this may be undesirable since it
may lead to installation problems, so it is question-
able whether this is indeed the best situation.

Fig. 6 shows the different mechanisms and move-
ments of the anchor when the maximum force is
reached. In the standard configuration (W/H = 0.4), the
anchor hardly rotates and is just translated through
the soil (see Fig. 6B). In the case of a very low at-

0 0.2 0.4 0.6 0.8
attach height ratio W1

wrigon of pon-dimensiopalised forves
Gittaclment height varinlion).

tachment point (WH < 0.2), the anchor is rotating
backwards, i.e. with its bottom in the pulling direction
and with its top in the opposite direction (Fig. 6A).
This leads to the largest soil volume that is mobilised,
which explains the largest bearing capacity for the
lowest h/H ratio. In the situations with a high attach-
ment point (WH > 0.6), the anchor is rotating forward
(Fig: 6C).

In Fig. 8 the influence of the relative anchor height
on the non-dimensionalised maximum anchor force is
visualised. Again, apart from the higher values from
the FEM, both methods show the same tendency in
the sense that the horizontal bearing capacity in-
creases with an increasing relative anchor height.
This is not obvious, because the anchor height also
determines the soil volume, which is used to non-
dimensionalise the bearing capacity. As a result, the
increase of the non-dimensionalised bearing capacity
as a function of the H/D ratio is less than the increase
of the absolute value of the bearing capacity, as listed
in the first table in Chapter 6.

In Fig. 8 a comparison is made between the meas-
ured data from the centrifuge tests and the values ob-
tained by the API calculation. In these graphs the
bearing capacities are given in prototype values. In
these calculations the attachment point h/H = 0.4 is
assumed. In Fig.11la the H/D ratio is considered. As
can be seen there is fairly good agreement between
test results and the API calculations. However, in
contrast to the FEM calculations, the difference be-
tween tests and API result appeared to be dependent
on the H/D ratio. The best fit was found at H/D=1.66.
In Fig.11b the influence of the density is visualised at
H/D=1.66. It appeared that there was a good agree-
ment in tendency between the calculations and the
tests. It appeared that for the chosen H/D ratio the
calculated horizontal bearing capacity was approxi-
mately 20% lower than the values measured in the
experiments. For other H/D ratios, however, larger
deviations between calculations and tests were ob-
served. It appeared that the calculations according to
the API are rather conservative.

8 DISCUSSION AND CONCLUSION

The 3D Finite Element Method for defermation
analysis has proven to be a good method for analys-
ing the horizontal bearing capacity of suction an-
chors. In these situations it is the load that requires a
three-dimensional analysis, since the geometry itself
is axisymmetric. This enables a rather quick geometry
input and an easy 3D mesh extension based on an
axisymmetric (2D) finite element model, as available
in PLAXIS. This has major advantages over a general
3D finite element model.

With the preliminary 30 PLAXIS module for Tar
erally toaded piles it was possible to make o realistic
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Figure 6. Comparison of different mechanisms for
different attachment heights as observed
both in FEM and centrifuge tests.
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Figure 7. Comparison of non-dimensionalised forces
(anchor height variation).

comparison between FEM calculations and centrifuge
tests for suction anchors. It is promising that there is a
fairly good agreement between the results of the cal-
culations and the tests. In particular the influence ten-
dencies of the various parameters match very well. In
general the maximum anchor forces calculated by the
FEM were approximately 10% higher than the results
from the centrifuge tests. It must therefore be recog-
nized that the FEM tends to over-estimate the bearing
capacity, since the FEM gives an upper bound solu-
tion, but the amount of over-estimation depends on
the coarseness of the finite element mesh, which can
be influenced by the user. Nevertheless, the combina-
tion of centrifuge tests and FEM calculations seems
to provide a good basis for the design of suction an-
chors. These methods give much more inside in the
deformation behaviour and the failure mechanisms
than analytical calculations.

The analytical calculations according to the API
protocol result in more conservative values for the
horizontal bearing capacity. This indicates that the

Al rules can be wsed safely for the design of suction
anehors in homogeneo

ol
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Figure 8. Comparison between the centrifuge test re-
sults and the API rules.

In the tests it has yet to be investigated how suc-
tion anchors behave in layered soils. In principle,
both the centrifuge and the FEM are good tools for
analysing these effects.

The variations made in the test series and the nu-
merical analyses have led to the following conclu-
sions:

- The attachment angle influences the bearing ca-
pacity significantly. An angle o = 10° gives a 27%
higher bearing capacity than an angle o = 25°. This
observation indicates that it is significant that the ca-
ble is buried in the soil after installation, so that the
angle is as close to the optimum as possible.

- The bearing capacity increases at lower attach-
ment heights. The change in bearing capacity is
greatest at an attachment height between b/H = 0.4
and W/H = 0.6. However, the lower the attachment
point, the more difficult it is to install the anchor.
Furthermore, the location of the attachment point at
the tip of the pile is practically undesireable for tech-
nical reasons. Therefore the optimum attachment
height would appear to be h = 0.4 H.

- It appeared that the horizontal bearing capacity
increases almost linearly with the anchor height. The
API calculation for shallow depth, however, assumes
a quadratic influence. This phenomenon needs to be
investigated in more detail.

The results have mainly shown the behaviour of a
suction anchor in sand. For other sail types, addi-

tional tests have to be carried out in order to examine
whether the behaviour is similar.

9 REFERENCES

API RP-2A, (1993), “Recommended practice for
planning, designing and constructing of fixed off-
shore platforms.

Allersma, H.G.B., F.J.A. Plenevaux, J,-F.P.C.M.E.
Wintgens (1997), “Simulation of Suction Pile Instal-
lation in Sand in a Geocentrifuge”, 7th. Int. Offshore
and Polar Eng. Conference, ISOPE97, Vol.1, pp.761-
765.

Allersma, H.G.B. (1994), “The University of Delft
geotechnical centrifuge”, Int. Conf. Centrifuge94.
Balkema, Rotterdam, pp. 47-52.

Allersma, H.G.B., Kirstein A.A., Brinkgreve
R.B.J. (1999), “Centrifuge and Numerical Modelling
of Methods to Optimize the Horizontal Bearing Ca-
pacity of Suction Piles” (submitted for publication).

El-Gharbawy, S., R.Olson (1998), :Laboratory
modeling of suction caisson foundation”, 8th. Int.
Offshore and Polar Eng. Conference, ISOPE97,
Vol.1, pp.537-542.

Fuglsang, L.D., J.O. Steensen-Bach (1991),
“Breakout resistance of suction piles in clay”, Proc.
Int. Conf. Centrifuge91, pp. 153-159.

Helfrig, S.C., R.L. Brazill, A.F. Richards, U. Le-
high (1976), “Pullout characteristics of a suction an-
chor in sand”. Offshore Technology Conf., OTC6029,
pp. 535-540.

Vermeer P.A., RB.J. Brinkgreve (1995), “PLAXIS
Finite element code for soil and rock analysis, Ver-
sion 6”. Balkema, Rotterdam.

Renzi, R., W. Maggioni, F. Smits (1991), “A cen-
trifugal study on the behaviour of suction piles.”
Proc. Int. Conf. Centrifuge91, pp.169-176.

Senpere, D. and G.A. Auvergne (1982), “Suction
anchor piles- A proven alternative to driving or drill-
ing. Offshore Technology Conference, OTC4206, pp.
483-494,

Sparrevik, P. (1998), “Suction anchors- A versatile
foundation concegt finding its place in the offshore
market”. Proc. 17" Int. Conf. on Offshore Mechanics
and Arctic Eng. CD-Rom ASME OMAES9S8 paper no:
3096.

Wang, M.C., K.R. Demars and V.A. Nacci (1978),
“Application of suction anchors in offshore technol-
ogy.” Offshore Technology Conference, OTC 3203,
pp. 1311-1320.




