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Abstract

The suction caisson is a large top-closed cylindrical steel structure in diameter, short in length and much thinner in skirt wall
thickness. The total resistance of the suction caisson during installation consists of the tip resistance and the skirt wall friction.
However, since the thickness of the skirt wall is very small, the skirt wall friction may produce additional vertical stress and shear
stress in soil at the skirt tip level, and this additional vertical stress and shear stress will contribute to the increase in the skirt tip
resistance. At the same time, seepage induced by suction also causes the tip resistance to reduce significantly. A modified slip-line
field is proposed in this study estimating the tip resistance in terms of the slip-line theory. The expression obtaining the minimum
suction to install the suction caisson is also proposed in terms of the force equilibrium. In addition, the critical suction is determined
based on the mechanism of sand piping. Thus, the maximum penetration depth of the suction caisson can be reached when the critical
suction equals the minimum suction. Results from calculations of the minimum suction and the maximum penetration depth have

been proved to be in a good agreement with the measured data.
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1. Introduction

Suction caissons have been increasingly used to act as foundations
for offshore wind turbines due to easy installation, reuse and
saving-cost (Bye et al., 1995; Tjelta, 1995; Andersen ef al., 2005;
Jostad and Andersen, 2006; Ibsen, 2008). A suction caisson is
open at the bottom and closed at the top, like an upturned bucket.
It first penetrates the seabed to a certain depth under its self-
weight with outlet valves on the top open to make water inside
the caisson escape. Suction is then produced by pumping out
water encased with all outlet valves closed, driving the suction
caisson to penetrate to the designed embedded depth. The results
from model tests and field installations of suction caissons have
proved that the installation under suction is extremely effective
in fine- or medium-sized sands, primarily due to reduction in
resistance resulting from seepage (Hogervorst, 1980; Tjelta et
al., 1986; Erbrich et al., 1999; Zhang et al., 2004; Andersen et
al., 2008). But a more challenging task is to estimate the required
suction accurately during installation. Thus, many methods
estimating the penetration resistance and the required suction
considering reductions in internal friction and end bearing were
proposed (Erbrich and Tjelta, 1999; Houlsby and Byrne, 2005;
Andersen et al., 2008). Li et al. (2013) set up a linear relationship
between the required suction and the penetration depth by using
the energy principle, incorporating tip resistance calculated using

the bearing capacity equation.

Normally, the skirt tip resistance can be calculated in terms of
the bearing capacity theory, in which the effective overburden is
assumed to be ¢ = y'z. But in the case of the long skirt length
relative to the skirt wall thickness, the skirt wall friction may
produce an important additional vertical stress and shear stress in
soil at skirt tip level. This additional vertical stress and shear
stress will contribute to the increase in the skirt tip resistance.
However, only the increase in skirt tip resistance caused by
additional vertical stress in soil at the skirt tip level was
considered (Clausen, 1998; Houlsby and Byrne, 2005; Andersen
et al., 2008). The increase in skirt tip resistance resulted from
shear stress in soil at the skirt tip level was not taken into
consideration, and this will underestimate the tip resistance
during installation.

The slip-line method is adopted to derive an analytical
solution to the tip bearing capacity, in which the increase in
skirt tip resistance caused by additional vertical stress and shear
stress in soil are considered. The total resistance during
installation is calculated as the sum of the friction along outside
and inside of the skirt wall and the tip resistance. Installation of
the suction caisson is significantly dependent on the minimum
suction and the critical suction. The minimum suction is
obtained by using the vertical force equilibrium of the caisson.
The critical suction is determined by using the mechanism of
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sand piping inside the caisson. Thus, the maximum penetration
depth of the caisson is determined in terms of the critical and
minimum suctions.

2. Suction Calculation

2.1 Critical Suction Pressure p,,

Suction can significantly reduce the internal friction and the
tip resistance, inducing seepage in sand. However, the
magnitude of suction must be controlled to avoid the formation
of piping channels around the caisson wall, which may cause
the installation to stop (Harireche ef al., 2013). Andersen et al.
(2008) assumed that the penetration resistance for an under
pressure giving a critical gradient can be estimated by
assuming that the inside skirt friction and the tip resistance are
reduced to zero when the critical gradient is reached. Thus, the
penetration resistance is given by the friction along the outside
skirt wall only.

The distribution of pore pressures along inside and outside of
the caisson wall is assumed to be linear with the caisson
embedded depth (Houlsby and Byrne, 2005). Then the average
hydraulic gradients inside and outside the caisson can be
expressed as ;= (1—a)p/h and i,= ap/h, where a is the head loss
ratio outside the caisson, p is the suction pressure and / is the
penetration depth. When the critical suction pressure p. is
reached, the vertical effective stress inside the skirt reduces to
zero, and then we have

y'h-(1-a)p,=0 (1
Thus,
'h
P =7 @)
—da

During installation of the suction caisson in sand, the soil
inside the caisson may be loosened due to the upward water flow
caused by the applied suction pressure. Houlsby and Byrne
(2005) suggested that some loosening of the sand within the
caisson arises due to the upward flow of water. CPT tests conducted
inside the caisson before and after installation revealed the
significant loosening of sand inside the caisson (Tran et al,
2005; Kim et al., 2016). The looser soil will cause an increase in
the permeability and change the distribution of seepage gradients
(Erbrich and Tjelta, 1999). For simplicity, one can consider a
permeability k, for the soil outside the caisson and £; for the soil
inside the caisson, and the ratio k; = k/k,. Houlsby and Byrne
(2005) suggested that the effects of different &; values can be
accounted for in Eq. (3):

a= aky
1+ (k; —D)a, &)
where a;= 0.45-0.36[1 — exp(— 2.08/4/D)]. Eq. (3) shows that the
head loss within the caisson is reduced in an inverse proportion

to the permeability. In this paper, for simplicity, the values of
factor a can be calculated by
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Fig. 1. Variations of Head Loss Ratio a with e™® and k;

a=0.06+0.22In(k, ) +0.38¢" * 4)

Figure 1 shows a comparison between calculated factors using
Eq. (4) and the numerical results proposed by Houlsby and
Byrne (2005).

Harireche et al. (2014) suggested that & should increase during
the suction caisson installation, indicating that the soil inside the
caisson to become looser continuously. Kim et al. (2016) proved
that the values of factor a calculated from the centrifuge test
results decrease as the skirt penetration progresses, and its
variation tendency shows a similar trend with the results obtained by
Eq. (3) when k=2 to 3.

Substituting Eq. (4) into Eq. (2) produces the following expression
of critical suction that can be used to judge whether piping
failure occurs inside the caisson.

7'h

Po = h 5
0.94 - 0.22In(k,) — 0.38¢ ‘*’ ©)
15 &
. R RIR =R
C&lSiOI‘I
dline_| dl
mudline )
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Fig. 2. Equilibrium of Suction Caisson
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2.2 Minimum Suction Pressure pin

Suction caisson will encounter the penetration resistance
(including friction along inside the skirt wall F;, friction along
outside the skirt wall F,, and the tip resistance F,), and the
penetration force (suction F}, and effective self-weight of caisson
V") during installation (Fig. 2). When the suction force reduces to
a minimum value, we have

F,+V'-F,~F,~F;, =0 ©

2.2.1 Suction F,
The suction F), can be given as

F, = prR; ©)

2.2.2 Vertical stress of soil at depth z

As shown in Fig. 3, the vertical stress at depth z should be
enhanced by the friction along inside of skirt wall during
installation.

From Fig. 3, we have

do,' _ iy 4o ,(2Ktano)
PO (8)
Letting 7 - & , Eq. (8) becomes
& 1 2Ktan § a®)
d67' _ O-zv — l_l' 9
dz 7 V4w )

which has the solution

o,'= '~y )" =1) (10)

Similarly, the vertical stress outside the caisson at depth z can

be expressed as

o,'= (7 +H,r ) (" =1) (11)

2.2.3 Friction Along Outside of Skirt Wall
From Eq. (11), the resistance along the outside of the skirt wall
F, can be expressed as

ey = -
2R;
z
omR}
YV V¥V V¥ TV
i LywnmRidz l dz h
o/K(tan HTR,dz I ) Ridz
4/ S O S N N O O
(o;+de) MR

Fig. 3. Equilibrium Condition of Soil at Depth z
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h @n
E = [ [ o, Ktans R d0'dz
(12)
— Ktans - 27tR0(;/'+%)[3 " —1-h/I)

2.2.4 Friction Along Inside of Skirt Wall
Similarly, from Eq. (10), the resistance on the inside of the
skirt wall F; can be given as

F = f fna_,'Ktan&RidH'dz

(I-a) (13)
= Ktand - 2R (y'-Tp)zf @ —1-h1)
2.2.5 Tip Resistance
The tip resistance Fy, can be expressed as
Fy, =2mR, 0y, (14)

In the case of a shallow foundation the shearing strength of the
overburden is ignored and its weight is only taken into account as
an equivalent surcharge y’4 (Meyerhof, 1951). o, can be then
expressed as the sum of terms N, and N, given by Terzaghi
(1943). However, the Terzaghi’s method may be conservative
because it only takes the contribution of the equivalent surcharge
rather than shear stress in soil at the skirt tip level to the tip
resistance into account. To obtain the accurate tip resistance, a
modified slip-line field is proposed, as shown in Fig. 4, the
common boundary CE between zones III and IV forms an angle
of w from x direction, and this modified slip-line field can be
divided into four distinct zones: active zone I, transition zone II,
passive zone III and zone I'V.

Currently, the limit equilibrium differential equations of the
slip-line will be obtained in terms of the stress equilibrium and
yield criterion, whereas only the exact solution to 2-D problems
with weightless soil is obtained by the limit analytic methods
(Hu et al., 2015). In addition, the displacement pattern of soil
around the skirt tip may be closer to plane strain rather than to
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Fig. 4. Comparison between the Traditional and the Modified
Models Obtaining the Tip Resistance
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axis-symmetry as the skirt wall is thin compared to the skirt
diameter (Andersen et al., 2008).

Self-weight and cohesion of soil in plastic area (zone ABDECA
in Fig. 4) and overburden acting on CE can be calculated
individually to obtain the total bearing capacity by superposition.
However, due to the very thin skirt wall, plastic area will become
so small. Therefore, self-weight of sand in this plastic area is too
little that the resulted bearing capacity may be ignored. In
addition, the cohesion of sand approaches zero so that its
contribution to the bearing capacity may also be neglected. The
bearing capacity resulted from overburden g, is determined as
follows.

(1) Basic equations

The following assumptions must be made to calculate the tip
resistance using the slip-line method.

(D The skirt base is assumed totally smooth.

(@ Friction angle ¢ and the lateral earth pressure coefficient of
soil K keep constant during the installation.

@ Soil is isotropic and ideally rigid-plastic, obeying Mohr-
Coulomb yield criterion, and its weight and volumetric deformation
are ignored.

Referring to the coordinate system as shown in Fig. 5, we have
the following two equations of equilibrium under conditions of
plane strain

A
X y
15)
aT_Xy + & — 0
Ox oy
X
[oe N
P by

Fig. 5. Coordinate System and Stress Characteristic Lines for
Plane Strain Problem

(0-1 rf.l'] II (Tn.Tn)

Fig. 6. Mohr-Coulomb Yield Condition for Sand
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If a point is in the plastic state, the stress Mohr circle touches
the failure envelope of sand as shown in Fig. 6.
Then the stresses can be expressed as

o, = o +rcos20

o, =0 —rcos20 (16)
7, =rsin2f

where o = (o, +0,)/2;5 r= o sin

Substituting Eq. (16) into Eq. (15) yields

a—O-sin @sin 260 + 6_0'(1 +sin ¢ cos 26)

ox oy

+ 2r(2—ecos 20 - g—esin 260)=0
.~ i 17)

8—O-sin @sin 20 + 8_0'(1 —sin ¢ cos 20)

oy ox

+ 2r(%cos 20 + %sin 20)=0
oy ox

Equation (17) that may be solved by using the so-called
method of characteristics (Hill, 1950) leads to

alongan o -line

dE—ZEtango-d&z 0
(18)

do+ 25'tango -df=0 alonga S-line

By integration of Eq. (18), the stress characteristic equations
along a and £ lines can be obtained as

alongan o -line

Ino — 20tanp=C,
(19)

lng'+29tan(p= Cy alonga f-line

where C, and C; are constants along o and /3 lines.

From Fig. 4 and Eq. (19), points B and D on the same slip line,
thus

Ino +20; tanp = Inop +26, tang 20)
where o3, op are mean stress at points B and D; 65 and 6, are
the formed angle of major principle stress from y direction at
points B and D, respectively.

What we need to do in the next step is to determine the values
of (o, 0) of points B and D from the given stress boundary

o

yv
Fig. 7. Stress Boundary Condition
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conditions.

(2) Stress boundary conditions analysis

As shown in Fig. 7, consider a boundary I” whose normal
forms an angle of ¢ from y direction. On the boundary, the
normal stress and shear stress are known as ¢, and 7,,.

From Figs. 5 and 6, it has

2u=mn/2-¢
a=0-u 1)
B=0+u

The stress over boundary " should obey the yield condition.
From Fig. 6 and Fig. 7, it has

(22)

o, = o+ rcos2(6-¢)
7, =rsin2(0-¢)

From Eq. (22), o and 6 can be solved in terms of the given
values of a,, 7, and &:

o= o, —rcos2(0—-¢)
2
O=¢c+ larcsin(r—“) (23)
r

(3) Construction of slip line field

D Zone IV

For simplicity, the vertical stress o, of soil in this zone is
assumed to be the same. Then, from Eq. (10), the expression of
o, can be given by

O-y = O-'i |::h: (}/'_

95?%MJ“4) (24)

—%:‘3
- i
a \ b Tx)
l'// A >
o |\ 0'3\/?
A \ 0.
n ;
\ 0'1’,.-"'
N T
T L€ W@\ d
1‘(‘,%0-_;
¥

(b)

Fig. 8. Stress States of Soil on the Boundary CE: (a) Direction of
Principle Stresses, (b) Stress States at Failure

—2780 -

Thus, the shear stress of soil can be expressed as
r, =0 Ktano

:WLQ%?£M®W—DKMmS @)

Figure 8(a) shows the direction of principle stresses on the
boundary CE, and the major principle plane mn forms an
angle of w from x direction. Fig. 8(b) shows the ultimate
stress state of soil on the boundary CE, points e and g stand
for the stress states of soil on the plane ac and ab,
respectively.

Although soil in zone IV does not reach the critical condition,
the shear strength on common boundary CE develops fully.
Thus, from Fig. 8(b), the major principle stress o; can be
expressed as

(0,29) _(+K)

o1 =0, o, (1+sing)
! i 12 (26)
= 5 I+ Sin(p)(]/'—%)[i (eh/f. 1)
In addition, the value of @ can be derived as
0= 1 arctan( 2Ty )= 1 arctan 2Ktand
2 O —0O 2 [1-K ‘ (27)

y X

(@ Passive zone III

In this zone, as shown in Fig. 4, g, acting on the boundary
CE is regarded as the equivalent overload. Then, the normal
0, and shear stress 7, acting on the boundary CE can be shown
as

o, =0,

7, =0
Soil in this zone has a tendency moving up under the driven by
o4y, thus o, should be the minor principle stress. Hence, the major

principle stress forms an angle of ¢ from y axis can be expressed
as

(28)

T
E=—+o 2
2 29)
Combining Egs. (21), (23), (28) and (29), we get
O=c="ro="1 larctan( 2Ktand
2 2 2 |1-K |
a :%arctan(%p,%_k%
1 lth ; 3t ¢ (30)
an T
= — t <Atano RN
B 2arcan( “_K‘)+ e
]
1-sing

Equation (30) shows that 6, o, 8 and & are constant. Thus, we
can obtain

%

O-D:O-ZI—sin(o G
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(3 Active zone
In this zone, as shown in Fig. 4, the normal stress o, and shear
stress 7, acting on the boundary AC can be shown as

Gn = O-lip
7, =0
Soil in this zone has a tendency moving down under the action

of oy, Hence o, is the major principle stress, and o, forms an
angle of ¢ from y direction can be expressed as

(32)

=0 (33)
Combining Egs. (21), (23), (32) and (33), we get
f=g=0
a=—2_2)
2
T
==-= 34
p-5-2 (34)
;_ — Gtip
1+sing

Equation (34) proves that 6, a, 8 and 0 are constant. Then we
can get

(35

@ Transition zone II

According to the properties of slip line field, if slip line field on
both sides are known, then the slip line field between them can
be determined uniquely. Since active zone I and passive zone 111
have been proved to be the uniform stress field, thus the slip line
of a family are straight and meet at a point, those of the other
family should be logarithmic arcs. Fig. 4 gives the slip-line fields
for the traditional and the modified methods of obtaining the tip
resistance. @ is the angle between boundary CE and x axis, as
shown in Fig. 4. It can be found that when w equals 0, the
modified model reduces to the traditional model.

3. Theoretical Formula Validation

We borrow the measured results from both field installation
(cited in Houlsby and Byrne, 2005) and centrifuge model
installation (Kim et al., 2016) to validate the proposed theoretical
methods. In all calculations, the lateral earth pressure coefficient
of K = 0.8 is used, which is recommended by API (1993) for the
calculation of drained shaft friction of open-ended unplugged
piles.

3.1 Trial Installation at Tenby

At Tenby, a field test with a caisson of 2 m diameter, 2 m
height and a wall thickness of 8 mm was performed in dense
sand. Dimensions of the caisson and physical parameters of the
soil are shown in Table 1.

Figure 9 presents the comparison between calculated results
and measured data. It can be found that the measured suction
increases approximately linearly with penetration depth up to the
full penetration 1.4 m; the minimum suction predicted is in a
good agreement with the measured data. In addition, the critical
suction curve intersects the minimum suction curve at a point,
where installation of the caisson will be terminated, because the
higher suction will lead to sand piping inside the caisson and the
lower suction may unable to overcome the penetration resistance.
As shown in Fig. 9, in the final stage of installation, the measured
suction is greater than critical suction predicted, and this will
result in sand piping inside the caisson, leading to terminating the
installation of caisson at 1.4 m deep.

3.2 Trial installation at Sandy Haven

At sandy Heaven, the caisson with 4 m x 2.5 m x 20 mm
(diameter x height x thickness) was installed in sand. Table 2
shows the dimensions of the caisson and physical parameters of
the soil.

Table 1. Data Used for Calculations

(4) Solution of tip stress Soil 7' (KN/m’) ke K-tand ¢(deg)
Substituting Egs. (31) and (35) into Eq. (20) yields 8.5 3 0.48 40
1 + Sin ¢ (t+2m)-tan @ Caisson R(m) L(m) t(mm) V(kN)
O4p =0, —— ¢ (36) 1 2 8 10
1-sin ¢
Combining Egs. (14), (26) and (36), we obtain .
Suction, p :kPa
F =R (1+ K)O’—M) K —I)M @ a) (37) 0 5 10 15 20 25
h 1-sing 0

For conventional caissons, the thickness of skirt wall is far 02 | * Measured data

smaller than radius, i.e. f << R, thus R, * R, R,= Rand ;= I, = L. _ 0.4 — Minimn suction
L. . . S 06 - -+ Critical suction
Substituting Egs. (7), (12), (13) and (37) into Eq. (6) yields =
= 08 |
pmin = ‘é 1t
y a
(1 +K)I(e"" = 1)My't+4y' NKtan5—V'/(nR) (38) 12
R—{2NKtans—[(1+K)I(e"'~1)tM+4NKtan8)(1—-a) }/h 14 - o'
(1 + Sin(”)z (m+20) tang 2, 1.6 - A
M= ; N=P@E" -1-4I).

where 1-sing ¢ ’ € D Fig. 9. Suction vs. Penetration Depth
Vol. 22, No. 8/ August 2018 —2781 -
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Table 2. Data Used for Calculations

Soil 7' (KN/m’) ke K-tand o(deg)
0O1
8.5 2 0.48 40
Cai R(m) L(m) #(mm) V'(kN)
alisson
2 2.5 20 100
Suction, p :kPa
0 5 10 15 20 25 30 35
0 -
0.5 - + Measured data
£ 1} — Minimum suction
= Critical suction
= 1.5t
2,
5]
A 2

R T

t
i

™)

Fig. 10. Suction vs. Penetration Depth

Figure 10 shows the comparison of analytical solution with
field installation data. It can be observed that the predicted
suction agrees well with the experimental data. Furthermore,
both the measured and theoretical calculated suction increase
approximately linearly with penetration depth. In addition, the
predicted maximum penetration depth is greater than the height
of caisson. Thus, the caisson can be eventually installed to its full
depth.

3.3 Centrifuge Model Tests

This case reports the centrifuge model test performed by Kim
et al. (2016). The model caisson with 200 mm X 200 mm X 2
mm (diameter x height x thickness), equivalent to S m x 5 m x
50 mm in prototype dimension at 25g, was installed in sand.
Dimensions of the model caisson and physical parameters of the
soil are given in Table 3. The interface friction angle between
aluminum and sand of § = 19 is adopted as suggested by Tran ez
al. (2008). The penetration of caisson was terminated at 3.8 m
due to the lack of water pumping rate.

Figure 11 shows the results of centrifuge model tests and the
analytical predictions. Clearly, the theoretical predicted suction is
in a good agreement with the centrifuge test data. In addition, the
predicted maximum penetration depth is greater than the
measured penetration depth of 3.8 m. Thus, the model caisson
can be installed successfully.

From Figs. (9) to (11), it is obvious that the measured suction
increases approximately linearly with the penetration depth, and

Table 3. Data Used for Calculations

Suction, p :kPa
0 20 40 60

T T

+ Measured data
—— Minimum suction
= = - Critical suction

Depth, #:m

Fig. 11. Suction vs. Penetration Depth

the minimum suction predicted by the proposed method is in a
very good agreement with the measured data.

4. Conclusions

The tip resistance of suction caisson is determined by a modified
slip-line field in terms of the slip-line theory. To satisfy practical
conditions, the proposed method considers the increase in the tip
resistance from both the friction along the caisson wall and the
shear stress in the soil at the skirt tip level induced by skirt wall
friction. The total resistance of the caisson is expressed as the
sum of friction along the outside and inside of the skirt wall and
tip resistance. The minimum suction is obtained by using the
force equilibrium method, and its validity has been proved by
using the field and centrifuge model test results. The critical
suction is determined by using the mechanism of sand piping.
The maximum penetration depth of the caisson is determined
when the minimum suction equals critical suction, and the
maximum penetration depth agrees well with the measured data.

Acknowledgements

This study was financially supported by the National Science
Foundation of China (Grant Nos. 51379118, 51639002) and
SDUST Research Fund (Grant No. 2015KYJH104).

Notations

a = Head loss ratio outside the caisson
= Diameter of the caisson
= Penetration depth
i = Hydraulic gradient
= Permeability coefficient
ks = Ratio of permeability within caisson to outside
caisson (i.e. k; = ki/k,)

p = Suction pressure
Soil ?' (KN/m’) ke K ¢ (deg) z = Depth below the mudline
9 25 0.8 40 R = Radius of the caisson
Caisson R(m) L(m) {(mm) (deg) _t = Skirt wall thickness
2.5 5 50 19 o = Mean stress
—2782 - KSCE Journal of Civil Engineering



Determination of Maximum Penetration Depth of Suction Caissons in Sand

r = Radius of Mohr stress circle
N, = Bearing capacity factors
@ = Friction angle of soil
¢ = Angle in the circumferential direction of the caisson
6 = Angle between the direction of the major principle
stress and y axis
o = Angle between the boundary CE and x axis
o, f = Angle between the o or f slip-line and y axis,
respectively
1 = Angle between the slip line and the direction of the
major principle stress
& = Angle between the direction of the normal stress and
y axis on the boundary I”
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