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ABSTRACI' Suction Pile Technology has investigated the behavior of suction piles subjected to
hopzomal loads by combining several variables such as soil properties, load direction, attachment
point of 'Ioading and Hy/D-ratio (relation penetration depth versus diameter). For each configuration
the maximum loading and mechanism of failure have been examined. The test results have been
compared to the results determined by PLAXIS, a finite element code for analysis of deformation
and stability of geotechnical structures. Furthermore the results have also been compared to con-
ventional analytical methods whereby bearing capacity has been determined by using API-
standards. The objective of this study is to improve the efficiency of the design of suction piles.

1 INTRODUCTION

. A suction pile (SP) is a structure consisting of a hollow steel cylinder of large diameter with a
closed top. Due to the simple and convenient method of installation SP’s have become a serious
alternative for several applications in the offshore industry. As part of structures such as jackets or
subsea protection frames SP’s are used as the foundational part of the structure and mainly sub-
Jected to vertical loads. The bearing capacity for this application is calculated with aid of conven-
tional geotechnical analysis. In case of applying the SP as a mooring point for floating structures
the loading conditions are more or less horizontal. The fact that now in 1998 no rules or regulations
exist on the design of this application indicates the complexity of the design of such anchoring
system.

A SP is installed by means of a differential pressure between the interior and exterior of the pile.
After lowering the structure to the seabed the tip of the skirt will penetrate due to the self-weight of
the structure until equilibrium is reached with the bearing capacity of the soil (wall friction and tip
end bearing). Entrapped water will disappear through one or more open relieve valves on top of the
SP. After closing the relieve valves a pump skid is connected to a pump valve. Then this pump will
extract water from the interior of the SP. A differential pressure is obtained resulting in a vertical
force downwards (see Fig. 1). Due to the differential pressure a water flow is created from the out-
side to the inside of the SP. The horizontal flow lines are concentrated under the tip of the shell re-
sulting in a reduction of the tip end bearing during installation. Inside the SP the vertical flow is
mainly between the soil plug and the steel shell which means that due to this water film also the
internal friction is reduced during installation. ;

Due to the lack of design rules on SP’s certifying authorities are collecting information fr_om the
offshore industry in order to be able to provide the offshore industry with rules and regulations on
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Figure 1. Installation of suction pile.

Figure 2. Delft University centrifuge.

the design of SP’s. Suction Pile Technology (SPT) is such a contractor, which currently provides
EPIC solutions for any SP application. In order to improve the attraction of suction piles SPT
wishes to reduce the conservatism of the present analytical design methods on horizontally loaded
SP’s. The goal of this investigation is to obtain a better understanding of the bearing capacity of
horizontally loaded SP’s, which could result in more efficient SP design.

In this paper the study on the behavior of SP’s subjected to quasi-horizontal loading is de-
scribed. In the centrifuge at the Delft University of Technology the behavior of SP’s subjected to
horizontal loads has been investigated by combining several variables such as soil properties, load
direction, attachment point of loading and Hy/D-ratios (relation penetration depth versus diameter).
The results have been compared with the results determined by PLAXIS.

Furthermore the results have also been compared to analytical methods whereby bearing capac-
ity has been determined by using API-standards.

2 CENTRIFUGE TESTS

2.1 General

It is not very cost effective to investigate the behavior of (horizontally) loaded SP’s by testing full-
scale prototype SP’s offshore under varying circumstances. Alternatively the scaled model behav-
ior would not properly replicate the full-scale prototype unless the model is tested under an in-
creased body force field.

In order to copy the soil behavior and the circumstances of the prototype similar gravity effects
need to be simulated because of the fact that self-weight forces are of great importance in geotech-
nical engineering. In a centrifuge the model is placed at the end of a centrifuge arm and subjected
to an inertial radial acceleration field by rotating this centrifuge arm. If for example the model is X
times smaller than the prototype, then a gravitational acceleration field of X times stronger than
Earth’s gravity must be created in order to simulate the prototype.

With fundamental dynamics it is simple to calculate that the centrifugal acceleration with radial
velocity @ [rad/s] at a radius R [m] equals a = «’R resulting in a self-weight increase with factor
N = a/g (g=9,81 m/s’Earth’s acceleration). With model laws all relations between the prototype
and the scaled model are defined. These scaling factors will not be discussed in this paper (Taylor,
1995).

At the Delft University of Technology (TUD) a small size centrifuge (R = + 1,5 m) has been
used for the centrifuge tests (see Fig. 2), able of providing an acceleration up to 150 g. For the sand
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model tests sample boxes with dimensions DepthxLengthxWidth = 100 x 250 x 230 [mm’] have

been used. In case of clay model tests these dimensions were Depth x Length x Width =
90 % 80 x 100 [mm"’].

2.2 Variables and centrifuge test program

In ordcr to perform centrifuge tests a range of conditions and/or variables needed to be defined.
Load-displacement relations have been obtained by varying several parameters in such a way that
with fewer tests as much information as possible was obtained within an applicable time schedule.
In Figure 3 the configuration of the applied variables is presented.

The attachment angle o defines the inclination between the horizontal reference and the load di-
rection. Because exact horizontal loading in the centrifuge was not possible, the minimum inclina-
tion started at 10° with the horizontal, resulting in the definition of quasi-horizontal loads.

The attachment height 4 is defined by the vertical distance between the tip of can and the at-
tachment point of the load.

With a constant diameter the penetration depth of the SP was varied resulting in different H,/D-
ratios. j :

Soil parameters are of great importance to the SP behavior during horizontal loading. In order to
avoid long term preparation for sand and for clay non-saturated soil samples have been prepared.

Finally two installation methods have been taken into account. In most cases the SP’s have been
rained in with a sand rainer resulting in the desired mooring line configuration of a constant angle
« of the cable. Some models have been pressed into the soil resulting in a curved mooring line be-
fore loading started.

The prescribed parameters were varied as presented in Table 1.

The corresponding standard soil properties are defined in Table 2.

3 PLAXIS CALCULATIONS

3.1 General

In the centrifuge models have been tested with dimensions of diameter D = 30 mm and heights of
respectively 30, 50 and 70 mm. By creating a centrifugal acceleration of a = 150g (150 times
Earth’s gravitation) these models corresponded with prototypes having a diameter D, = 4,5 m and
heights of respectively 4,5 m, 7,5 m and 10,5 m equal to the dimensions to be modeled by PLAXIS.

As can be seen in the Figures 5 to 9 all the centrifuge tested models have been recalculated by
PLAXIS. Before discussing the results the input data is presented first.

Figure 3. Configuration of variables. Figure 4. Used mesh for 3D-PLAXIS calculations.
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Table 1. Program for centrifuge tests under 150g.**

Name of model HANI1 HAN2 HAN3
) [m/m] (0,03/0,03) (0,05/0,03) (0,07/0,03)
Attachment angle a= 10° 4/6
15 9/12 12 s
20° 3/11
rL 8/10
Attachment height h= Hy5 13/15
2H,ls 9/12 12 51
18/19
4 5 1720
191{,/20 29/30
Sand properties Y= 150kN/m’ 3132
(density) 16,8 kKN/m® 9/12 12 51
17,9 kN/m® 22124 i
Installation type =  pressed down 26/28
sand rainer 12
Tests on clay, = H/5 CLAY 1/2/3*
19H,/20 CLAY 5/6

*3 tests instead of 2. **During the program a standard test has been introduced which is defined by 150G1/2
and has following typical configuration of HyD = 0,05/0,03 [m/m]; & = 15% h = 2H/5. In Table 1 these val-
ues are valid for sand unless defined otherwise.

Table 2. Standard soil properties for centrifuge tests.

Soil type Unit wexghl Y  Young’s modulus Ey; Angle of internal friction ¢ Cohesion
[kN/m’] [kPa]  Clid | ¢
[kPa]
Dune sand 16,8 15000 a3 1
Kaolin clay 16,5 1000 27 0
"
3.2 Input data

In PLAXIS a circular 3D model of 180° has been established to model the behavior of a SP in the
soil. The one symmetrical half of a 3D cylinder (with center point equal to the centerline of the SP)
has been used in order to reduce the calculation time and effort of the computer. In Figure 4 the
used mesh is presented. In circumferential direction the half cylinder has been divided into four
sections of 45° resulting in totally 7 X 7 x 4 = 196 20-nodded elements.

The surrounding soil was modeled by soil element no. 1. The SP-wall (element no. 2) has been
modeled by a non-porous linear elastic material with E-modulus larger than 1E4 superior to the
E-modulus of the soil. To incorporate the interaction between soil and the pile a special thin soil
layer has been included outside the SP (soil element 3) with reduced soil properties. This reduction
was prescribed by the reduction factor R conform following relation:

1an Qinerace = R tan Qs

For the calculation of initial stresses a Ko-value = 0,5 has been used.
In Table 3 the material properties of the soil elements as mentioned are presented.
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Table 3. Soil properties for PLAXIS calculation.
Soil properties

T B 9 c ¢ v R

[kN/m’]  [kPa] i) [KN/m’]  [KN/m’]  [] [-]
Dune sand 17,0 15000 33 1,0 1,0 0,35 0,63
Kaolin clay 16,5 1000 . 0,1 0,1 0:35 0:53

: The. attachment point of force F of the centrifuge model as well as for the prototype is at a cer-
tain height / from the tip at a certain point of the outer perimeter. This results in an eccentricity of
0,5-D of the vertical component Fy; = F- sinc.

In PLAXIS a one directional force per unit length around the perimeter is introduced to model the
force F . This means that the horizontal component as well as the vertical component of the force
per unit length point in respectively the same x- and y-direction. Because of the fact that one sym-
metrical half of the cylinder is considered this force per unit length equals f = F / (%2-n-D) kN/m.
The eccentricity of the summarized vertical component of this force per unit length is 0, i.e. equal
to the center line of the SP. In order to obtain a correct comparison between the centrifuge and the
PLAXIS model, in PLAXIS this eccentricity needed to be introduced again. By lowering the attach-
ment point Av = %-D-tanc, this eccentricity has been introduced again. In the Figures 6 to 10 this
correction has been indicated by the results of “PLAXIS corrected”.

4 RESULTS AND ANALYSIS OF TESTS AND CALCULATIONS

4.1 Centrifuge test results

In Figure 5 a typical force-displacement (F-8) graph is shown wherein the output of the centrifuge
test is presented. The results of 150G1, 150G2 (and 150G16) comprise the standard tests as given
in Table 1 and 2. The F-3-relations of the tests 150G1 and 150G2 have similar shapes whereas
150G16 shows little differences. For the test program this meant that every test configuration
needed to be tested at least twice in order to prove the validity of the results.

The F-8-relation can be divided into three paths. The first path shows very little increase of the
force while the deflection towards the force increases up to 10-15 mm. The reason is that the
mooring line, despite the fact that the mooring line is rained in with sand, needed to be straightened
and pretensioned before the tensioning force could increase. The second path represents the “lin-
ear” relation between F and §. This “elastic” behavior of the soil is in accordance with the quasi-
horizontal elastic settlement of a SP in the soil. The third and last path represents the plastic be-
havior of the soil. In this path the maximum quasi-horizontal bearing capacity is reached which is
presented by the peak value of the graph. It was defined that the plastic path started at approxi-
mately 80% of this peak value.

As can be seen in Table 2 the standard tests 150G1 and 150G2 have been used as a basis for
comparison with other tests whereby consequently one of the variables has been changed, i.e.:

— tests 150G4/5, -1/2, -3/11, -8/10: increase of «, see Figure 6;
~ tests 150G13/15, -1/2, -18/19, -17/20, -29/30:  increase of h, see Figure 7;
— tests 150G9/12, -1/2, -5/7: increase of Hy/D, see Figure 8;
— tests 150G31/32, -1/2, -22/24: increase of , see Figure 9;
~ tests 150G26/28, -1/2: pressed down versus sand rainer;
— tests CLAY 1/2/3, -4/5: increase of HyD, see Figure 10.

4.2 Analysis of the centrifuge test results and the PLAXIS calculations

An explanation of the results is given in the Figures 6 to 10. Note that on the vertical axis a non-
dimensional factor has been determined: Force /(Unit soil weight x SP volume).
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Figure 5. F-§ diagram of standard centrifuge test.
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Accon.img to Figure 6 a linear relation may be taken into account between the maximum bear-
ing capacity force F and the attachment angle o (within the test range). An increase of o shows a
decrease of F. An increase of & means an enlargement of the vertical component of F, = Fsina.
The influence of this vertical component reduces the capacity of the horizontal component F, =
Feosa: due to the fact that the vertical bearing capacity, which is based on friction, becomes more
governing compared to the horizontal bearing capacity.

When.the influence of the attachment height  is considered it is obvious that according to Fig-
ure 7 an increase of the attachment height leads to a decrease of bearing capacity. Main reason for
the varying values is the difference of mechanisms of failure. Assumed is a force towards the right
direction. An attachment point at the tip of the SP (low value of attachment height k) will lead to a
counter clockwise rotation of the SP combined with a certain average horizontal displacement. A
large soil body then needs to be displaced. An attachment point at the top of the SP (large value of
attachment height /) will lead to a clockwise rotation of the SP whereby the average horizontal dis-
placement is far less then in the previous case. After the clockwise rotation the SP is more or less
pulled out of the soil. Values of attachment height & between tip and top show mechanisms of fail-
ure which define the transition between the two described mechanisms.

In Figures 8 and 9 the results of increasing H,/D-ratio and increasing soil density of the sand are
presented. It may be clear that for both cases an increasing bearing capacity was expected. The
centrifuge tests as well as the PLAXIS calculations subscribed these expectations although it must
be noted that the decreasing line of Figure 8 is based on the fact that in the dimensionless factor of
the vertical axis the force is divided by the unit weight.

Finally in Figure 10 the results are presented of the centrifuge tests and the PLAXIS calculations
of the SP in the Kaolin clay whereby only the attachment height k has been varied. The same con-
clusions as for sand are valid on these results.

4.3 Results of analytical calculations

According the API RP-2A (API, 1993) the horizontal bearing capacity of piles in sand can be cal-
culated according following empirical formulae:

Puesz) =(Crrz2+CyD) Y-z for shallow depth

Pudz) =CyD-%-z for deep depth
where z = depth below mudline; D = SP diameter; ¥, = unit weight of soil; C, C;, C; = coefficients
depending on soil internal friction.

The deep depth formula becomes governing in situations with a depth of more than 10 times the
diameter of the pile. In case of SP’s the Hy/D-ratio does not exceed a value of 3 to 5 which means
that the shallow depth formula is representative. !

Analytically a range of tests has been recalculated. In order to be able of using the formulae of
the API pure horizontal loading was considered and compared to the centrifuge and the PLAXIS re-
sults whereby an attachment angle of o = 15° was applicable. The horizontal component of a vector
with o = 15° is more than 95 % and the vertical component less than 5 % of the force. This rectifies
the assumed simplification of the analytical design with an accuracy of approximately 5% com-
pared to the tests with o, = 15°. ’

Based on the standard sand configuration with a. = 15°, ¢ =33°, h = 2H/5 (no.rotanor.x). H/D =
7,5m/4,5m and 7y, = 16,8 kN/m’ following variables have been varied in the analytical design:
~ rangel: y  =15;16,8 and 17,9 kKN/m’;
range 2: H,/D =1,0; 1,66 and 2,33;

- range3: @  =25;30and 33" ]

It appeared that the analytical calculations gave results. of approximately 10 to 20 % lower than
the values of the centrifuge. The most deviating calculation result was approximately 50% lower
than the centrifuge result.

1
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5 CONCLUSIONS

5.1 Test results

Before commencing the centrifuge tests, the PLAXIS calculations as well as the analytical calcula-

tions, certain expectations on the influence of the design variables as given in Figure 3 were pres-

ent. These expectations have been confirmed by the tests and calculations, i.e. a higher bearing ca-

pacity with smaller attachment angle a, a higher bearing capacity with lower attachment point h, a

h_igher bearing capacity with larger Hy/D-ratio and a higher bearing capacity with higher soil den-

sity.

o t‘Whten the Figures 6 to 10 are analyzed more accurately following more detailed conclusions can
found:

~ The SP with attachment angel a=10° gives 27% higher bearing capacity than the SP with
0=25°

— The decrease of bearing capacity is largest between the attachment height 2H/5 and 3H/5,
meaning that the attachment height must be lower than 3H/5 in order to have sufficient bearing
capacity, or generally the lower the better (see Figure 7). But the lower the attachment point the
more the resistance during installation, thus the higher the better. Hence it ‘can be concluded
carefully that an optimum may be found at an attachment height of h = 2H/5.

— The relation of increasing Hy/D-ratio with same diameter versus bearing capacity looks more or
less linear, despite the fact that at larger depths the increasing effective stress has a quadratic in-
fluence on the bearing capacity (length and width). This shall be investigated more deeply.

— A linear increase of the density gives a linear increase of the bearing capacity, which is expected
and also realistic.

— Due to long preparation time of a clay model most of the tests have been performed on sand. In
general the same tendency of results is expected which is confirmed by the results of Figure 10
compared to Figure 7. Nevertheless the absolute value of the bearing capacity of the clay is ap-
proximately three times less than the same loading configuration in sand. Note that this conclu-
sion is applicable for the soil models as used in this study.

5.2 Comparison of calculation methods

The most satisfying conclusion of the different calculation methods is that a relative small differ-
ence is found between the results of the centrifuge tests and the PLAXIS calculations. With PLAXIS
an upper bound calculation is performed whereby the accuracy depends on the roughness of the
FEM-model. With the chosen mesh (see Fig. 4) values are found being less than 10% higher than
the centrifuge results. This means that the 3-dimensional module of PLAXIS, which has been used
in practice for the first time, appears to be a useful FEM-tool for 3 dimensional problems such as
quasi-horizontal loaded SP’s. .

The analytical results were more conservative, varying from 15 to 45% lower compared to the
centrifuge results. Hence it can be concluded that for horizontal bearing capacity in sands the appli-
cable API-formulae can safely be used. Nevertheless more study is required to verify this statement
more quantitatively in relation to different soil parameters.
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