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Abstract

Suction-induced seepage is pivotal to the instahabf caisson foundations in sand. Indeed, the
upward pore water flow on the inner side of thessain wall causes a release of a fraction of soil
resistance due to the reduction of the lateratctffe stress. A safe caisson installation requares
reliable prediction of soil conditions, especialyil resistance and critical suction for pipingesh

soil conditions must be predicted for the wholddHation process.

In this paper, we examine the effect of the assupeecheability profile, as a function of depth below
the mudline, on such prediction. This study is nattd by the fact that marine sediments generally
exhibit a permeability that decreases with depttabse of consolidation under gravity. Hence, the
guestion is whether conventional theories basea @mstant permeability lead to a conservative
prediction of soil conditions. Our conclusion ifimfative only regarding piping condition. As for
soil resistance, a prediction based on the assamptia constant permeability is non conservative.

This is due to an overestimated reduction in effecitresses under suction-induced seepage.

Keywords

Caisson foundation; Installation in sand; Normaligeometry; Piping condition; Permeability

varying with depth.

1. Introduction

A Suction caisson consists of a thin-walled uptdriieicket’ of cylindrical shape made from
steel. This type of foundation has proven to beieffit and versatile as a support for offshore
structures and appears to be a very attractivemfor future use in offshore wind turbines

1, 2].
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The installation procedure starts by lowering thisson into the seabed where an initial
penetration is achieved under caisson self-wetgghbed material surrounding the caisson
wall above the caisson tip forms a natural seatiwis vital to the initial installation stage.
Water trapped inside the caisson cavity is thenpgmdrout, which imposes a suction that
results into a pressure differential on the caidgbrAt mudline level, inside the caisson
cavity, the imposed suction, which will be assuraadormly distributed in this work,
induces seepage around the caisson wall. For sotaisstallation in sand, seepage causes an
overall reduction in soil resistance and facilisat@aisson penetration. It is often recognised
that the downward force produced by suction wouldaercome soil resistance for
installation in sand if no soil loosening is acl@dwdue to the induced seepage [3-8]. Most
design procedures of caisson installation in sakd into account the role of porewater
seepage induced by suction [9-12]. The role ofisaaturing caisson installation in sand has
also been considered in centrifuge model testiBy ghd finite element simulations [14]. The

existence of low permeability silt layers has beensidered by Tran et al., [15].

During caisson installation in sand, suction muestontrolled to avoid the formation of

piping channels which would prevent further perteiraand may cause the installation
procedure to fail [16]. The development of desigmcpdures with effective suction control
requires a good understanding of soil conditiorss seepage around the caisson wall. Effects
of seepage on soil conditions, such as piping aildesistance, must be predicted for the
whole installation process to ensure that changesétion remain within the safety limits.
Using a finite difference procedure applied to loemalised seepage problem of caisson
installation in sand, Harireche et al., [17] ddsed soil conditions and derived criteria for
suction control during caisson installation in safige numerical procedure they proposed

takes into account the actual variation in excessqure gradient over the installation depth.
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In the present paper, the numerical procedure gexpby Harireche et al., [17] is extended
to take into account a seabed permeability thatedses with depth. Bryan et al. [18]
reported field data for marine sediments in thef GLMexico. Their measurements show
that soil permeability generally decreases witlinaneasing depth. Bennett et al. [19] have
also performed in-situ measurements of porosityarcheability of selected carbonate
sediments and their reported data provides fuelielence for soil permeability varying with
depth. The present study is motivated by the needsess whether a homogeneous seabed

model is a conservative assumption for caissomliasibn design.

2. Normalised seepage problem and per meability profiles

We consider a caisson of radiRsheightL and we denoth the depth of caisson penetration
into the seabed. The soil consists of sand witmpabilityk decreasing with the depih
below the mudline. A normalised problem geometrgkehall dimensions are scaled with
respect to the caisson radius is adopted. Figstevs a vertical section through the
meridian plane of the system caisson-soil whergliadrical system of coordinates and

Zis used. The hydrostatic porewater pressure thsiser the soil before caisson installation

is denotedp, and has a magnitude at depthp, = p,, + y,,h, + V.2, where p, is the
atmospheric pressurg,, the unit weight of water antl, the water height above the mudline.

During caisson installation the imposed suctioruges a deviation of porewater pressure
from the hydrostatic value, which will be referriedas excess porewater pressure and will be
denotedp. The suction magnitude, imposed over the radial distance @Eig. 1) is

expected to increase during installation. Indesdha caisson is pushed into the seabed,

suction must be increased to overcome the incrgasiihresistance. On the mudline
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boundary CF outside the caisson, and on the boundaries FHBEhgLfficiently far from the

zone of significant pressure disturbance, theahitydrostatic pressumis not affected.

Figure 1

In order to describe the variation of permeabilith depth, the following expression is

adopted:
K= k(kf) —(1-pB)e” + (1)

In this equationk = K / ny,,, whereK is the absolute permeability andlenotes the porosity.

The coefficienky denotes the permeability at the seabed surfiee/R the normalised

depth anda, S are two constants such that:

a>0; ,8:k°° 0<p<1 (2)

kO )
Note that forf = 1, the case of a homogeneous seabed with aacdsrmeabilityky is

recovered. A valug = 0 corresponds to an impervious condition atdatgpth, i.e.k, =0.

In order to identify the constantsand for a given seabed profilk, ko andk, =k(Zz)), for

a given normalised deptti , must be specified. The coefficiegfitan be calculated using the

second relation (2) andis given by:

a=i*Ln(_1_’8J (3)



Figure 2 shows different permeability profiles ahd corresponding values of the parameters

a andg. Three cases have been selected, which will bestigated in the following sections.
Case A corresponds to a homogeneous seabed prifileonstant permeability. In case B,
the permeability decreases with depth almost ligearvalue k = 075is achieved at depth

= Rusingf= 0anda = 0.288. In case C, permeability has a non-linear prafild decreases

with depth at a much higher rate compared to cage Bepthz= R, a valuek = 030is
achieved usingg= 0 anda = 1.204. Note that in both cases B and C, the soil israssuto

become impervious at large depth.

Figure 2

The porewater seepage is assumed to obey Lapleaqetion:
div(-kOp) =0 4)

Where Op denotes the excess porewater pressure gradient and,

div=(/r)d/or+@/r)0/06+0a/0z.

Denotingk =dk /dz, equation (4) can be developed in axisymmetrialitams (3/906 =0)

to give:

2 2 '
0 E+E@+a_§+£@:0 (5)
or ror 0z koz

In order to draw conclusions that are not affettgthe problem dimensions, we adopt the

following scaling of the main problem variables:

vl o

,h=—, 1 (0<r <lonOCandl1<r <o on CF) (6)

=r
R

-OX-
1
polli=y



The scaled porewater pressysesatisfies the dimensionless equation:

°p" 1op &p .., . 0p
7t t+t—+f(2)==0 7
or? r o 9z ( )az %

Where:

f*(z*) = _a(l_lg)

1- B+ pe @

As the caisson penetrates into the seabed, radlieivater flow across the caisson wall is

prevented, which is described by the boundary ¢amdon CD:dp/or = 0and due to
symmetry, this condition must also be satisfiedtanz-axis (i.e., for = 0). As shown in
Figure 1, the soil domain is divided into four r@gs. Region®;) represents soil inside the
caisson, Q,) is the region occupied by soil which passes méi caisson after further
penetration and regionQ§) and ) are the complementary soil regions outside tlesoa,
surrounding Q) and Q) respectively. In addition to equation (7), thaled excess
porewater pressur@ must satisfy the boundary conditions:

p =-10on0OC, p =00onCF, FH, BH and gp* =0on CD and OB (9)
r

3. Finite differ ence solution of the normalised problem

A simple finite difference scheme is used to sathe&emodel problem presented in the
previous section. The coordinatesandz are discretised into constant incremeat$and

Az and the following approximations are adopted:
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Wherei=1 on the mudline (OF) anjet1 on the vertical axis (OB).

Using the finite difference scheme above, equaffdms approximated by:

2(1+ 1]+ L P
Ar? AZ?2 ) A oAz |

( 1 +_1jp* —_1p* - _1+f_'* p* —_1 Ij =0
NS AV S A VR R WAV R S R BV

Where f = " ((i-1)xAZ ) and f"(Z) is defined by (8).
On the z-axis, the condition

im 100 D

reor” art or’?

leads to the approximation form:

iap*| Dz(pi*,jﬂ_ pi*,j)
r ar*|i]j Ar™?

(10)

(11)

(12)

(13)



An important aspect of the present numerical proced to enforce the continuity of excess

pore water pressurg at point D (Fig.1).
p'(D)|, =P (D)), (14)

Applying equation (11) to point D, separately imdons ;) and Q,), taking into account

condition (14) and the third boundary condition, (8ads to the approximation below:

) 1+2+f*(D)p*_1p*_1p*_1p*_1ﬁ
Ar? A2 A7 °OAr2 TPY A TR A2 T AR T

1 (D)) ..
-2 —t— =0
[Az2 AZ ij

Where points D, D, Dg, I, I" and J are shown in Figure 1.

(15)

The finite difference approximations presentechis section have been implemented in a
computer program which has been used to analypagearound a suction caisson as
installation progresses in sand with a permeabiityeasing with depth. This analysis is
performed to study the effects of suction inducegpsge on soil resistance for the different
permeability profiles described in section 2. @aticonditions for piping are also considered
within this extended context of permeability vaywmith depth. These aspects are reported

and discussed in the following sections.

4. Soil resistance to caisson penetration

Water seepage caused by suction produces a hydgratiient which, on both faces of the

caisson wall, varies with depth. Figures 3a, 3c2amdhow the contours of normalised excess
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pore pressurg’ for values of the scaled penetration deptk 0.2 (typical of self-weight

penetration), 1 and 2. These figures correspordiomogeneous seabed with constant
permeability. For comparison, figures 3b, 3d and&w similar contours for a seabed
profile that corresponds to case C described iiae2. These figures show clearly that the
pressure distribution is affected by the permeigtyiofile, although this effect is not
noticeable at the early stage where the instaliatepth is typical of self-weight penetration

(Fig. 3b).

Figure 3

Figure 4 shows the vertical component of the noisadlpressure gradienf =dp /0Z on

both sides of the caisson wall as a function ofesteepthz for the three permeability

profiles (cases A, B and C). Values of scaled patieh depthh” = 0.2, 1 and 2 have been
considered.

It can be seen that the pressure gradient on édetokthe caisson wall is higher at the early
stages of the installation process. Maximum vabfdke gradient occur at the caisson tip.
For the homogeneous seabed profile with constameubility (case A), the gradient
distribution over the caisson embedment tends ¢torne uniform over a significant depth as
the installation proceeds. A gradient of higher magle tends to localise around the caisson
tip. For seabed profiles where the permeabilityreases with depth (cases B and C), such a
uniformity is less pronounced, especially for thadient on the inner side. By comparing the
normalised gradients for the three different casdd and C, on both sides of the caisson
wall, it can be observed that the effect of perniggiprofile becomes more important as the

penetration depth increases. For the normalisetiggraon the outer side, the difference in

10
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gradient magnitude for the three permeability pesfis not significant at shallow depths.
However, such a difference increases with depthciwis likely to affect soil resistance
through the increase in effective stress and tilldo& more noticeable at later stages during
the caisson installation process. On the inneraidke caisson wall, the normalised gradient
magnitude is affected in a different way. Up tacaled depth which can be estimated to 3/4
of the scaled penetration depth, the normalisedigina magnitude is lower for a higher rate
of variability in the permeability profile. Belowush depth, the opposite trend is observed.
This behaviour suggests that soil is less pronepimg for a permeability that has a higher
variability profile. In terms of soil resistancecaisson penetration, it can be anticipated that
a higher variability profile is likely to correspdio less reduction in soil resistance due to
seepage. If this is the case, then we would coedat soil resistance estimations based on a

constant permeability assumption are not consemati

Figure 4

These effects are now studied in more detail irrotd withdraw final conclusions regarding

soil resistance against caisson penetration atidatrcondition for piping.

4.1 Lateral frictional resistance on caisson wall
In the absence of seepage, the lateral effectegspre on the caisson wall has the

expression:
0, =K(/z+0) (16)

WhereK is a lateral earth pressure coefficient. The galgffective stress near the caisson

wall is enhanced by the magnitugldue to the effect of shear resistance that develnghe

11



interface soil-caisson. Under seepage conditioodymed by an applied suction, the lateral
effective pressure acting on the caisson wall ptide inside and outside the caisson is

respectively expressed as follows:

0w (RD=K(yz-[[0 (RO +5,(R 2| (17)

0w (RD=K(yz=[[0,(ROA +5,(R ) (18)

Where g, (R,{) and g, R { )denote the vertical component of the pressure gnadin the

inner and the outer sides of the caisson wall i@spdy. Assuming that the enhanced

effective stresseg, and g, are not affected by seepage conditions, the remtueti deptlz in

the lateral pressure acting on the caisson waediby seepage is given by:
80, (R =K([[8.(ROHC +[ g, (R )¢ (19)
The pressure gradients can be expressed as follows:
S . S .
=209 g=—>0q 20
9 R 9 G R g (20)

Whereg, =dp /0Z is the normalised pressure gradient in domaing, (Qs) and

g, =0p /0Z denotes the same quantity when evaluated in donf@insand Q>).Hence,

expression (19) can be rewritten under the foll@aform:

Ao, (R, 2)

Lo TL(E) L) (21)

Where, as can be seen from Figure 4:

12
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L(Z)=[ g @< >0, L(2)=[ ¢, )de <0 and|L (2)>

L,(2) (22)

Using a numerical calculation of the integrals2@) on the normalised finite difference
mesh, we obtain the scaled reduction of the latdfattive stress expressed in (21) as a
function of the normalised depth which is shown in Figure 5. It can be observed guch

a reduction increases with depth and is clearlgcadid by the permeability profile. A higher
rate of variability in the permeability corresportdsa lower reduction in the lateral effective
stress. Although this effect is quite limited aakbw penetration depths (Fig. 5a), it is clearly
more pronounced at larger penetration depths (Blys). This shows clearly that the
assumption of a homogeneous seabed is not in fafaiconservative estimation of soll
resistance to caisson penetration as it overestsrthe effect of seepage on the reduction of

the lateral effective stress.

Figure 5

As a consequence, seepage causes the frictiomgtimgdorce acting on the caisson wall to

decrease by a magnitudd-_given as a function of the scaled penetration depbly the

expression:

% =[[L@) L) (23)

13
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4.2 Tip resistance

Seepage also causes the vertical effective sttelse aaisson tip to decrease, thereby leading
tofurther reduction in the total resisting forcéelresisting force at the caisson tip can be

expressed under the form:

F, = 278N, j:e o.dr (24)

WhereNyis a bearing capacity factor agigl the vertical effective stress at the caisson tip,

which is assumed to vary linearly from, inside the caisson (radi&) to o, outside (radius

Ro), and these stresses have the expressions:

g, (Rh)=yh-[ g (R +5, (Rh) (25)

G,y (RN) =yh-['g,(RO)A +5,(R ) (26)

Assuming that seepage does not affect the enhameidal stress, the resisting force at the
caisson tip decreases by the magnitigsuch that:

AR 1

m=§(Li(h)+Lo(h )) (27)

where functions; (z') and L, (z') are defined by expressions (22).

Figure 6 shows the expressifi (h') + L, (")) as a function of penetration depth ) for the

three permeability profiles considered in this gtu€éigure 6 and expression (27) show
clearly that the reduction in the magnitude ofrépistance is maximum when permeability is
assumed constant (case A). Hence, constant perieplofile is not a conservative

assumption when estimating tip resistance to caipgoetration.

14



5.Critical suction for piping condition

During caisson installation in sand, suction magiet must be controlled to avoid the
formation of piping channels around the caissonl,wahich may cause the installation

procedure to fail [16].

At a generic material point of normalised coordésat, Z within the soil in contact with the
inner side of the caisson wall, piping takes platen the vertical effective stress becomes

zero. This is expressed by the equation:
g,=yz-[ g/(R¢)d{ =0 (28)
Hence, the suction magnitude that causes suchtaamdi given by:

S z

Cr —

YR L@7)

(29)

Wherel’ (L Z) = j:* g L¢Hd .

Note that expression (29) is similar to the oneveer by Houlsby and Byrne [10] under the

form s, /(y' ): h" /(1- &) wherea is the magnitude of the normalised pressure atafsson

tip on the inner side; i.a=-p (h').

The present criterion extends the expression pexgpbyg Houlsby and Byrne [10], taking into

account the actual variation of the pressure gradis a function of depth. At the caisson tip,

it has the expressios; /(y'R): —. Note that, in addition to the variable pressure

Li@h)
gradient, the present criterion also takes intcsmmration a permeability varying with depth,

which is implicitly accounted for in the expressioii’i (Lh').

15
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Figure 7 shows the variation of the normalised nitage of critical suction,s, /(VR)as a

function of depth at three different stages of thstallation process where the scaled
penetration depth is 0.2, 1 and 2. The three pdrifityaprofiles have been considered at
each stage for comparison. It can be observedtilgaassumption of a homogeneous soill
(case A) leads to the estimation of a minimumaltsuction. Hence, as far as the condition
for piping is concerned, such an assumption is@wasive. It can be observed from Figure 7
that, while the effect of the variability with dépof permeability is less pronounced around

the caisson tip, it becomes very significant atlsthadepth.

Figure 7

6. Conclusion

In this study we have considered the effect ofrangability varying with depth on the

prediction of soil resistance to caisson penetnadiod critical suction for piping condition.

Three permeability profiles have been considerathaly: constant permeability,
permeability slowly varying with deptlu(= 0.288), permeability with a high variability \wit
depth & = 1.204). These profiles have been motivated byfdht that marine sediments are
expected to exhibit a permeability that decreas#ds aepth at a rate that must also be taken
into consideration as it may vary from one typsaif to another. The effect of suction
induced seepage on soil resistance to caissonrpgaethas been investigated using the
normalised solution of seepage around the caissdin lvhas been observed that a constant
permeability profile leads to an under-estimatibsal resistance to caisson penetration.

This highlights the importance of taking into acaba permeability profile with certain

16
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variability with depth for a more accurate prediatiof the required suction throughout the
installation process. The investigation of pipingtbe inner side of the caisson wall revealed
that the constant permeability assumption undemeases the critical suction for piping. As

far as the formation of piping channels is concértige assumption of homogeneous seabed
with constant permeability is conservative. Howevaking into account the actual

variability with depth of the permeability may letmla more accurate estimation of the
critical suction with significantly less restrici@n the safe suction profile throughout the

installation process.
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Figure Captions

Figurel.

Normalised geometry and finite difference mesh

Figure 2.

Permeability profiles: Case A (constant permeab)jlicase B ¢ = 0.288) and case @ (=
1.204)

Figure 3.

Normalised excess porewater pressure contourséted penetration depths h*=0.2, 1, 2.
a, c, e: constant permeability (case A); b, d,ernpeability with a high variability profile
(case Ca =1.204).

Figure4.

Dimensionless pressure gradient as a functionalédalepth for different

permeability profiles (cases A, B and C). a/ h*.2;/ h* = 1;c/ h* = 2.

Figureb.

Reduction in the normalised lateral effective stres caisson wall due to suction-induced
seepage.a/ h*=0.2; b/ h*=1; ¢/ h* = 2.

Figure6.
Effect of suction-induced seepage on soil resigatcaisson tip.
Figure?.

Critical suction for piping on the inner caissonliveé h* = 0.2; b/ h* = 1; ¢/ h* = 2.
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