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Abstract. This paper presents the vertical pullout behaviour of suction caisson
foundation in clayey and sandy soils by means of finite element analysis using
PLAXIS 2D under vertical static loading. The effect of caisson aspect ratio
(L/D) on pullout capacity and caisson displacement was investigated under
drained and undrained loading. The caisson aspect ratio has been varied from
0.5 to 3 by fixing caisson diameter and increasing caisson length. The analysis,
predicted that undrained pullout gives the higher limit and drained pullout gives
the lower limit of vertical pullout. Undrained pullout capacity is found to be
nearly a minimum 1.4 times and 5 times that of drained pullout capacity for
clay and sand, respectively. The pullout capacity and failure displacement in-
creases continuously with increasing caisson aspect ratio. Pullout capacity of
foundation is greater under sandy soil compare to that of clayey soil under un-
drained conditions, and at all aspect ratios. The caisson deformation up to fail-
ure is greater under drained conditions for both clay and sand, and it is found to
be higher for clay than sand in both drainage conditions.

Keywords: Suction Caisson, Vertical Pullout, Caisson Aspect Ratio, PLAXIS
2D.

1 Introduction

Suction caisson foundation is an adequate alternative foundation for offshore struc-
tures including offshore wind turbine and offshore oil and gas platform. Its simple
installation procedures and overall economy makes it a dependable foundation option
compared to the conventional pile foundation especially in the higher water depth [1].
Suction caissons are concrete or steel cylindrical structure with larger diameter, open
at bottom and closed at the top. Installation of suction caisson initially starts with self-
weight penetration where caisson is permitted to enter the sea-bed under own weight.
The self-weight penetration is followed by suction assisted penetration up to the re-
quired depth in seabed. In suction assisted penetration, suction pressure is generated
inside the cylindrical chamber by pumping out the water from within the caisson
chamber. This generates a differential pressure across sealed top, causing a downward
hydrostatic force, which acts on the caisson top and pushes it to desired depth. The
overall installation process takes a relatively short time and is not weather dependent.
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Larger diameter of suction caisson makes it to attain significant horizontal holding
capacity. Suction caissons have been used for various offshore structures including
single buoy moorings [2], tension leg platforms [3], jackets [4], deep water subsea
structures [5] and for anchoring some deep water submersible platforms [6].

Under severe environmental conditions, the acting tensile pullout load on suction
caisson develops a passive suction pressure in pore water of soil beneath the caisson,
providing the resistance against the pullout. Due to prolonged pullout loading, the
generated passive suction pressure dissipates and this may lead caisson withdrawal.
The pullout capacity of suction caisson foundation has been studied earlier using ex-
perimental approach [7-10] and numerical analysis [11-18]. Pullout capacity is noted
to be dependent on caisson length, caisson diameter, soil properties (friction angle,
cohesion and undrained shear strength) and soil-caisson interfacial interaction.

Suction caisson foundation resists vertical load, lateral load, and moment in off-
shore condition. The vertical load (weight of superstructure), lateral load (water cur-
rent and wind force) and associated overturning moment are the crucial factors for the
design of the suction caisson foundation. In the current study, the vertical pullout
capacity and vertical displacement of suction caisson foundation in sand and clay with
varying aspect ratio has been investigated by using PLAXIS 2D [19].

2 Numerical Analysis

2.1  2-D Finite element modeling

The vertical pullout capacity of 2-D suction caisson foundation was simulated using
finite element software PLAXIS 2D. An axisymmetric model was used for modelling
the foundation. The caisson was assumed as placed in soil domain to carry out vertical
pullout analysis. The soil volume and other was modeled using Mohr—Coulomb elas-
to-plastic soil model having 15-node triangular elements. The caisson wall was mod-
eled with plate element. For the soil domain boundaries, standard fixity boundary
conditions were adopted. The displacements were restricted only in the normal direc-
tions at the bottom and lateral boundaries. The displacements of the soil domain at the
base boundary and lateral boundaries were limited in the normal directions. To simu-
late the suction caisson response, the diameter of soil domain and soil domain depth
was selected as 5D and 4L, respectively. Caisson wall and soil (clay and sand) proper-
ties under drained and undrained cases used are given in Tables 1 and 2, respectively.
Riner i kept unity in order to transfer all soil shear stress to caisson wall. The shear
strength of clay was assumed to increase linearly with depth as s, = 1.5z.

Once the soil and caisson wall properties were assigned, mesh generation was
done. The caisson and soil vicinity was refined by relatively finer mesh. Thereafter,
analysis was conducted by applying vertical pullout load at the foundation centerline.
Load-displacement curve was plotted to find out the pullout capacity for a particular
point where the influence of vertical loading was expected to be the most. The analy-
sis was performed for different caisson aspect ratios (L/D), where L is the caisson
length and D is the caisson diameter. L/D ratio was varied from 0.5 to 3 (L/D = 0.5, 1,
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1.5, 2, 2.5 and 3), by fixing the caisson diameter and increasing caisson length for
both clayey and sandy soils under drained and undrained conditions.

Table 1. Suction caisson wall material properties [18]

Material properties Values
Types of material Elastic
Stiffness (EA) 6.598x10%° kN
Flexural rigidity (EI) 5x10° KN/m?
Unit weight (yc) 77 KN/m3
Poisson’s ratio () 0.25
Wall thickness (t) 0.03m
Caisson diameter (D) 20m

Table 2. Soil properties

Soil properties Clay Sand
Drained Undrained Drained Undrained
Unsaturated unit weight 16 kN/m? 16 kN/m? i i
('Yunsat)

Saturated unit weight (ysat) 20 kN/m3 20 KN/m3 21 kN/m3 21 kKN/m3
Elastic modulus (E) 10,000 KN/m2 10,000 kN/m2? 20,000 kN/m2 20,000 kN/m?
Poisson’s ratio (1) 0.2 0.49 0.2 0.49

Internal friction angle (¢) 22 22 36’ 36’

Cohesion intercept (c) 40 kPa 40 kPa 0.1 kPa 0.1 kPa
Dilation angle () 0 0 5 5
Rinter 1 1 1 1

2.2  Model verification

Iskander et al. (2002) experimental results were used to verify the model accuracy by
modeling the same foundation dimensions (D = 100 mm, L = 600 mm) and assigning
the same caisson material and soil properties. The comparative load-displacement
plots for undrained pullout are presented in Fig. 1. A good agreement has been noted
between experimental and PLAXIS 2D results and the peak pullout capacity are noted
to be comparable. So, it was decided to use this numerical analysis to evaluate the
ultimate vertical pullout capacity of suction caissons foundation within permissible
limits.

2.3  Failure mode

The pullout capacity of suction caisson foundation depends on the failure mode of
foundation. Under varying drainage condition, suction caisson foundation undergoes
different failure mechanisms. Under fully drained condition, where the top valve is
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kept opened, sliding failure mode dominants (Fig. 2
sum of the skin friction (both external and internal)

ing capacity failure mode dominant (Fig. 2b) and

and the reverse end bearing capacity.

a), and the pullout capacity is the
and submerged weight of the soil
plug. In case of undrained conditions where the top valve is fully closed, reverse bear-
surrounding soils contributes in
pullout resistance. For undrained case, the pullout capacity is the sum of skin friction
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Fig. 1. Comparison of PLAXIS 2D result with Iskander et al. (2002) experimental result
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Fig. 2. Failure mode of suction caisson foundation: (a) drained; (b) undrained condition
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3 Results and Discussion

3.1 Effect of soil type

The effect of soil type on pullout behaviour under undrained condition of suction
caisson foundation (L = 10 m, D = 20 m, L/D = 0.5) are shown in Fig. 3. The pullout
capacity is noted to be greater for sandy soil at all vertical displacement. The pullout
capacity at failure point is noted as 23 MN and 57 MN for clay and sand, respectively.
For undrained condition the pullout capacity is due to the wall friction and reverse
bearing capacity. In case of sandy soil the frictional resistance between caisson wall
and soil particles are much greater than that of clayey soil, and also the reverse bear-
ing capacity will be greater for sand as it has higher friction angle and unit weight
values. Therefore, the overall pullout capacity in sandy soil is much greater than the
clayey soil. It has also been noted that the failure of foundation takes place at higher
vertical displacement in case of clayey soil.
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Fig. 3. Effect of soil type on pullout behaviour under undrained condition (L/D = 0.5)

3.2  Effect of drainage condition

The effect of drainage condition on the vertical pullout response is shown in Fig. 4a
and Fig. 4b for clay and sand, respectively for caisson aspect ratio (L/D) value of 1 (D
=20 m and L = 20 m). The undrained response is found to be greater than that of
drained response for both clay and sand. In case of clayey soil, the undrained pullout
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capacity (Puyp) is minimum 1.4 times greater than drained pullout capacity (Pup).
However, in case of sandy soil, the undrained pullout capacity is at least five time that
of drained pullout capacity (Table 3).
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Fig. 4. Effect of drainage condition on pullout response: (a) clay; (b) sand
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Fig. 5. Generated plastic point at failure in sand: (a) drained; (b) undrained case

The variation in pullout behaviour under drained and undrained condition is due to
the different failure mode of foundation (Fig. 2). In case of drained condition, the
caisson pullout rate is very slow which allow the inflow of pore water inside the cais-
sion soil, restricts the generation of any suction inside the caisson. This causes the

Theme 14 6




Proceedings of Indian Geotechnical Conference 2020
December 17-19, 2020, Andhra University, Visakhapatnam

sliding failure of foundation and having lower pullout capacity as it involve only wall
friction resistance against pullout. In case of fully undrained condition, the caisson is
pulled out at relatively fast rate allowing the passive suction in the soil at the caisson
bottom. Due to this generated suction the surrounding soil takes part in the total stress
resisting the suction pullout, and the failure occurs by reverse bearing capacity mode.
Thus resistance under undrained pullout is the summation of external wall friction
resistance, soil plug weight and reverse bearing capacity failure, rusting in higher
pullout capacity compare to drained condition.

The pullout response variation under drained and undrained case can also be dis-
cussed based on the generated plastic point during pullout. The generated plastic
points at failure for drained and undrained conditions are shown in Fig. 5a and Fig 5b,
respectively. For drained condition, the plastic points only developed around the surf-
icial interface of soil and caisson (Fig. 5a), and only caisson wall moves upward under
pullout loading without any soil plug results in lower pullout capacity. For undrained
case, the plastic points also spread around the caisson wall and the bottom of founda-
tion in the more extended area at failure (Fig. 5b). Thus the surrounding soil also sup-
ports the bearing capacity under undrained case, and the foundation shows higher
reverse bearing capacity, resulting higher pullout capacity.

3.3  Effect of aspect ratio

The caisson aspect ratio (L/D) which the ratio of caisson length to the caisson diame-
ter has been varied by keeping diameter constant (D = 20 m) and varying caisson
length up to 60 m (L = 10, 20, 30, 40, 50 and 60 m). At the time of analysis the soil
parameters were kept constant for both soils as per Table 1.

The effect of caisson aspect ratio on vertical pullout response is shown in Fig. 6a
and Fig. 6b for clay and sand, respectively under undrained condition. With increas-
ing L/D ratio, the pullout capacity increases continuously for both soils. The failure
displacement of caisson is also found to increase with increasing caisson aspect ratio.
As the caisson length increases, the external and internal surface area of caisson, and
caisson volume increases continuously. This increases the surficial frictional re-
sistance, soil plug volume in the caisson and the passive suction generation inside the
caisson, increases the reverse bearing capacity, causing overall increase in pullout
capacity. With clay, the pullout behaviour shows strain softening response at greater
displacement, while in sand, the pullout behaviour is noted to be strain hardening for
all aspect ratio.

The drained and undrained vertical pullout capacities are summarized in Table 3
for both clay and sand along with the ratio of undrained pullout capacity to drained
pullout capacity (Puuo/Pup). Drained pullout capacity is greater for clayey soil than
that of sandy soil for all L/D ratios, whereas undrained pullout capacity is higher for
sandy soil. It can further be noted that Puyp/Pup ratio decreases with increasing L/D
ratio for both soils. This indicates that undrained pullout (fast removal of suction cais-
son) requires much higher pullout load, whereas drained pullout (slow removal of
suction caisson) is much easier as it require lower pullout load.
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Fig. 6. Effect of caisson aspect ratio on vertical pullout response: (a) clay; (b) sand

Table 3. Ultimate pullout capacity of suction caisson foundation

L/D Clay Sand

Pub (MN) Puup (MN) Puun/Pup | Pup (MN) Puup (MN)  Puup/Pup
0.5 6.0 23.0 3.8 4.2 55.7 133
1.0 21.2 49.0 2.3 14.1 149.0 10.6
15 44.6 84.7 19 32.3 229.3 7.1
2.0 72.0 128.1 18 52.6 416.4 7.9
25 108.2 183.0 17 75.4 537.0 7.1
3.0 146.7 212.0 14 128.0 647.6 5.1
3.4 Pullout capacity equation

From the pullout capacity values of Table 3, an attempt has been made to predict the
pullout capacity of suction caisson foundation under drained and undrained conditions
for clayey and sandy soil in term of power equation as presented in Fig. 7 in terms of
caisson aspect ratio only for the soil and caisson properties used in this study. As the
fitting lines R? values is close to 0.99 for all conditions, the equation seems to be reli-
able for the limited data points of this present study. The pullout capacity equations

are

as:
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For clayey soil

Pu, = 21.69(%)1'743, R?=0.99 1)
Pu,, = 51.949(%)1'307, R?=0.99 (2
For sandy soil

Pu, :11.842(%)2'135, R? =0.987 (©))
Pu,, = 145.473(%)1'392, R? =0.987 (4

250 700 1.392
@  Puy, =51949(L/D)"™" (b) Pu,, = 145.473(LID)
= 6001 R?=0g87
=200 R*=0.99 =
2 S 500
& 150 & 400! 0 Vo 0
2 2 o Pug
S S
3100 g 300
8 @
= = 200 . -
. 3 Pu_ = 11.842(L/D)"
2 o 2
z Pu, =21.69(L/D)"™ 3 100 RZ:OIQSE/ /
o R*=0.99 T o7

0 —
00 05 10 15 20 25 3.0 35
Caisson aspect ratio, L/D

0 05 1.0 15 20 25 3.0
Caisson aspect ratio, L/D

Fig. 7. Ultimate pullout capacity regression equations: (a) clay; (b) sand

4 Conclusions
Following conclusions have been made from the present study
1. Undrained pullout capacity is always larger irrespective of soil types, and
undrained pullout capacity with sandy soil is much greater than that with
clayey soil.
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2. Undrained pullout capacity under clayey soil is minimum 1.4 times of
drained pullout, and in sandy soil undrained pullout capacity is at least
five times of drained pullout.

3. Under drained condition the foundation fails with relatively small vertical
displacement than that of undrained condition, and the foundation dis-
placement is higher for clay than sand irrespective of drainage condition.

4. Increasing caisson aspect ratio causes continuous increase in pullout ca-
pacity and foundation failure displacement under both clayey and sandy
soils.
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