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Abstract

Suction installation of caisson foundations is Wydslopted in the oil offshore industry.
When such foundations are installed in sand, seepagditions are known to play a pivotal
role in the installation process. Pressure grasigaherated by the imposed suction inside the
caisson cavity cause an overall reduction in ttexdh soil pressure acting on the caisson wall
as well as in the tip resistance. This transieoséming of soil around the caisson wall
facilitates caisson penetration into the seabedvayer, these effects must be controlled to
avoid soil failure due to critical conditions sua$ piping or loss of soil shear strength, which
may cause the installation procedure to fail du@stability of the soil plug trapped inside

the caisson cavity. In this paper, we endeavostudy these effects based on the analysis of
the normalised seepage problem, assuming thelatgial process to take place in
homogeneous sand. We first investigate the efté#fcdsepage conditions on soil resistance to
caisson penetration with a particular focus on frastional resistance and tip resistance are
differently affected. We then consider modes diifai due to soil piping inside the caisson
cavity and sliding of soil mass in a failure medsanwhere the soil plug inside the caisson
cavity is pushed upward. Based on this study, sasight is gained into the critical
conditions for piping. These conditions evolve dgrthe installation process as the
penetration depth increases under an increasirigpsut/pper and lower bounds are also
estimated for the critical suction based on anrassumode of failure using a simple
mechanism of rigid blocks. By comparing these maafdailure we conclude that piping is
not always the most critical condition. The critingode of failure for a given soil may
change during the installation process and thiggklighted by comparing the critical

suction for piping to the suction upper and loweuihds related to shear failure.
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1. Introduction

Suction caisson foundations have been very pojpulkte oil industry and the current trend
is to extend their use to the developing industryiad farms (Byrne et al., 2002; Byrne and
Houlsby, 2003). A suction caisson is an upturnetiet’ of cylindrical shape made from
steel. The thin caisson wall facilitates instatiativhen a pressure differential is induced by
suction on the caisson lid, which pushes the caiss@enetrate into the seabed. This is
achieved by pumping out the water trapped in th&soa cavity after initial penetration
under self-weight. When such procedure is useddwmson installation in sand, suction must
be controlled during the whole installation processhat its magnitude does not exceed the
critical limit that causes soil failure. It is regrdsed that within the safety limits against soll
piping, porewater seepage induced by suction igefii@al to caisson installation as it reduces
the overall force that resists caisson penetrg@mper and Auvergne, 1982; Tjelta et al.,
1986; Erbrich and Tjelta, 1999; Tran et al., 200egn et al., 2005). CPT tests conducted
inside the caisson before and after installatienealed significant loosening of sand

(Senders and Randolph, 2009).

The role of porewater seepage has been considethd development of design procedures
for the installation of suction caissons in sanglf®, 1994, 1995; Bye et al., 1995; Erbrich
and Tjelta, 1999; Houlsby and Byrne, 2005). Trad Randolph (2008) conducted a series of
model tests in a geotechnical centrifuge to ingasé the variation of suction during the
installation of caisson foundations in dense sdihey also performed finite element
simulations to study the critical hydraulic condlits that develop during caisson installation.

Finite element simulations of seepage induced bfi@uaround caisson foundations have
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also been performed by Zhang at al. (2004). Felgenent models with remeshing
capabilities have been used to model caisson aiwgtinto clay (Vasquez and Tassoulas,
2000; Maniar and Tassoulas, (2002)). Similar sits have been performed for sand,
where soil behaviour has been described with ak@mjpgrager model with cap (Zeinoddini
et al., 2011). Ibsen and Thilsted, (2011), used EBB and performed finite difference
simulations to study piping limits to suction, whiwere applied to field installations of

suction caissons in sand.

Experimental investigations in dense sand haveatedédhat soil heave, which is likely to
occur during suction assisted installation, setadditional limit to suction for the required
installation depth to be achieved safely (Allersghal., 1999; Bang et al., 1999; Allersma,

2003; Tran et al., 2004).

Specific soil conditions such as the existencewf permeability silt layers that may affect

seepage at some stage of the installation proeesstieen considered by Tran et al., (2007).

In the aforementioned literature, the hydraulicdigat on both sides of the caisson wall has
been described in terms of an overall value basdatie®pressure difference between the
mudline and the caisson tip. However, due to theoimance of the variation of pressure
gradient over the caisson penetration depth,important to investigate the gradient

distribution over the penetration depth throughbetinstallation process.

In this paper, we consider the excess porewatsspre gradient in terms of the magnitude of

its vertical component at each location within $lod mass. This is motivated by the fact that
such component defines the seepage force thahgaisst gravity and directly affects

effective stresses.
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In the first part of this study we address theaHef excess pore pressure gradients on soil
resistance to caisson penetration. A simple figliéenent procedure is first performed to
solve the normalised seepage problem. The variatieffective stresses on both sides of the
caisson wall is calculated as a function of theepetion depth and integrated numerically to
provide an estimation of the reduction in magnitatithe penetration resisting forces caused
by seepage. Problem dimensions are normalisedchsthéhresults obtained are independent
of caisson prototype and apply to any caisson 8iased on the analysis of the normalised
seepage problem, we derive analytical expressmmhé magnitudes by which penetration
resisting forces are reduced for a given suctiahamsson dimensions. The second part of
this study is devoted to the investigation of catisoil conditions during caisson installation.
In addition to critical conditions for piping, acgad mode of failure has been investigated,
which is based on a shear failure mechanism. Hilisré mode has been motivated by the
observed deformation process which consists innsoiling into the caisson cavity. For
dense sand, such large deformation process restadtgolume expansion or heave of the soil
plug. It is worth examining whether such a defoioraprocess may lead to soil failure that
might become more critical compared to the pipiogdition. Based on the finite element
model of the normalised seepage problem, criticatitions for piping and the assumed
failure mechanism can be tracked during the whudeallation process. Upper and lower
bounds to suction have been obtained assumingmesfailure mechanism that consists of
two rigid blocks and one single stress discontindtomparison of these bounds to the
critical suction for piping revealed that the @ai mode of failure may switch from the
piping condition to shear failure at some stagthefinstallation process depending on soil

shear strength.
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2. Formulation of the normalised seepage problem

We consider the model problem of a suction caisdoadiusR, heightL and we denoth

the depth of caisson penetration into the seableel sbil consists of homogeneous sand with
permeabilityk and saturated unit weigid,: Figure 1, shows a vertical section through the
vertical plane of the system caisson-soil wherg balf of the caisson is represented due to
axisymmetric geometry. A cylindrical system wittoedinates” andz in the meridian plane
is adopted for the normalised problem geometry wladrdimensions are scaled with respect

to the caisson radius.

Before caisson installation, water pressure isynirbistatic condition with an ambient
absolute magnitude at demhp, = p,, + y,,h, + V.2, where p,, is the atmospheric pressure,
¥,,the unit weight of water anll, the water height above the mudline. A deviatiothef
porewater pressure from the hydrostatic value yi@sation within the soll is referred to as
excess porewater pressure and is denotgd d$is terminology will be used even in cases

wherep is negative.

At a certain stage during the caisson installgpi@mtess, a penetration deptis reached

under the effect of a suction of magnit@ddeassumed constant over the radial distance OC
(Fig. 1). It is important to note that suction laasegative value; however the magnitide

a positive number. On the mudline boundaf¥ Gutside the caisson, and on the boundaries
FH and BH sufficiently far from the zone of sige#int suction disturbance, the excess

porewater pressuggremains zero.

The porewater seepage is assumed to obey Darey’'sula —kOp whereu is the porewater
velocity field, k the permeability andlp denotes the excess porewater pressure gradient.

Assuming volume incompressibility of the porewdtew, the constraindiv u =0 (



div=@Q/r)d/or +(@/r)o/06+0/0z), must be superimposed onto Darcy’s law which afor
homogeneous soil in axisymmetric conditions, resulto the well-known Laplace equation:

0°p=0d°p/or*+(@/r)dp/or+0°p/0z*=0.

As the caisson penetrates into the seabed, radli@vater flow across the caisson wall is

prevented, which is described by the boundary ¢mmdon CD:dp/dr =0 and due to
symmetry, this condition must be satisfied on tfexis. In order to obtain the distribution of
excess porewater pressure, we divide the soil dom#o four regions. Regiorf);)
represents soil inside the caissdRy)(is the region occupied by soil which passes m#i
caisson after further penetration and regidg and Q,) are the complementary soil

regions outside the caisson.

Figure 1

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

following normalisation procedure of the main pexblvariables and we denote:

pr=" (1)
S
the dimensionless counterpart of the excess poeswatssure and
. _h z . r . .
h :E’ z :E’ r :E (0<r £1lonOCandl1<r <o on CF) (2)

the dimensionless counterparts of the caisson et depth and the radial and vertical

coordinates. The excess porewater presgusatisfies the dimensionless equation:
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2 . _0%p +i6p*+02p*

O0'p =—5+5—= 5 =0 3
P o & @)

and the boundary conditions:

p'=-10n0C, p =0 onCF, FH, BH and g% =0 on CDand OB &)

The normalised domain in the meridian plane isrdissed into four-node bilinear elements.
A weak form of equations (3) that takes into ac¢dha boundary conditions (4) is solved for
the unknown excess pore pressure values at noldedinite element procedure has the
advantage of taking into account soil looseningdieshe caisson cavity (domaiil) in a

much more natural way compared to other numeriethous. In the following sections, soil
loosening inside the caisson cavity is describélgus single constaikt that represents the
ratio ki’k, wherek; andk, are the respective values of sand permeabiliigénand outside the
caisson (Houlsby and Byrne, 2005). Of particuléernest in this analysis are the effects of
suction induced seepage on solil resistance toaraEsnetration and soil stability during the
installation process. The results of this analgsésreported and discussed in the following

sections.
3. Effect of porewater seepage on soil resistance to caisson penetration

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

caisson wall, varies with depth. Figures 2a, 2c2edhow the contours of the normalised
excess pore pressurg for values of the scaled penetration deptk 0.2 (typical of self-
weight penetration)h’ =1 andh’ = 2. These figures show clearly that the presstadignt,

and hence the velocity field, has a direction iagite caisson cavity that tends to become

aligned with the z-axis as the penetration deptheiases.
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Figure 2

Figures 2b, 2d and 2f show the contours of thacadrtomponent of the scaled pressure
gradienty’ =dp /0z . It can be observed that the highest gradient inadgs are

concentrated around the caisson tip. At shallovefration depths, high gradients around the
caisson wall affect the whole penetration depththispenetration depth increases, these

gradients tend to localise around the caisson tip.

Figures 3a-c show the vertical component of thenatised pressure gradiegt =0p /92
on both sides of the caisson wall as a functiothefscaled depth for values of the

normalised penetration depth =0.2, 1.0 and 2.0. At each of these three norndhlise
penetration depths, the distribution of normalipegssure gradients at each side of the
caisson wall is calculated for three values ofgeemeability ratiok; = 1, 2 and 3.

It can be seen that the pressure gradient on édelofsthe caisson wall is higher at early
stages of the installation process. Gradient madaibn the inner side of the caisson wall
decreases dsis increased, but the opposite trend is obsernetth® outer side. Maximum
values of the gradient occur at the caisson tiptaadjradient distribution over the caisson
embedment tends to become uniform as the penetrdéipth increases. The effectkpbn
the gradient magnitude on the inner side is natiggnt around the caisson tip, but the
opposite trend is observed on the outer side.

The pressure gradient inside the caisson cavitypbsive values, which indicates upward
flow and its magnitude is larger than outside thisson where seepage flow is downward.
This clearly indicates that the upward seepagesfgemerated inside the caisson cavity is

larger than the downward seepage force that oarute outer side. Such a dissymmetry,
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which is inherited from the distribution of the pseire gradient, causes more reduction in the
effective stress inside the caisson than increafige same stress on the outer side. This in
turn results into an overall reduction in the lateffective pressure on the caisson wall. As a
consequence, frictional soil resistance againssoai penetration is reduced. For similar
reasons, the resisting force acting against caigsoatration at the caisson tip is also
reduced.

These effects are now investigated in more detakder to identify the proportions to which

seepage affects these resisting forces.

In the absence of seepage, when the caisson isgudio the seabed without disturbing
significantly hydraulic conditions, the lateral @tfive pressure on the caisson wall has the

expression:
0, =K(V'z+0) 5)

WhereK is a lateral earth pressure coefficient. The galeffective stress near the caisson
wall is enhanced by the magnitudedue to the effect of shear resistance that develnpghe
interface soil-caisson. The lateral pressure cdefitK has generally a larger value

compared to the lateral pressure coefficient at res

Figure 3

Under seepage conditions produced by an appligtauthe lateral effective pressure acting
on the caisson wall, at depthinside and outside the caisson is respectivebyessed as

follows:

10



0wRD=K(yz-[[6 RO +5.R ) (6)

0wR2=K(yz=[[0,(RO +5,(R.2) ™

Whereg, R ¢{ )and g, R { )denote the vertical component of the pressure gnadin the

inner and the outer sides of the caisson wall &@smy. If we assume that the enhanced

effective stresseg, and g, are not affected by seepage conditions, then thection at

depthzin the lateral pressure acting on the caisson, wallsed by seepage, is given by:
80,(R2)=K([[8.R O +[ 8,(R )Y ) (8)

The pressure gradients can be expressed as follows:

0=~ G 6=—g

o R o’ i R g
)

Whereg, =dp /07 is the normalised pressure gradient in domaing, (Qs) and

g’ =0p /0Z denotes the same quantity when evaluated in dorf@insnd ,). Hence,

expression (8) can be rewritten under the followomn:

B8RRI L)) (10

Where, as can be observed from Figure 3:

L(Z)=[ g 0.8 >0, @)= 0,0¢)de <0 and|L ()] >[L(2) (11)

11
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Using a numerical calculation of the integralsid)(on the normalised finite element mesh,
we obtain the normalised reduction of the lateffi@ative stress expressed in (10) as a
function of the normalised depth As a consequence, seepage causes the frictEsisiing

force acting on the caisson wall to decrease baanitudeAF given as a function of the

normalised penetration depth by the expression:

AF _

Sk h L@ L@ke (12)

Whered denotes the angle of friction at the interfacé-saisson. It is important to note that
on the inner face of the caisson wall, upward sgepgauses a loosening of the soil, which in
turn reduces the angle of internal frictigrand increases the lateral pressure coeffiderA

more accurate expression &F, would be obtained if these effects are accountedridhe

present work, soil loosening is reflected quahllty in the coefficienk; introduced earlier
and will be considered with more developments atethd of this section where comparison

will be made with some experimental data.

Seepage also causes the vertical effective stteéke aaisson tip to decrease, thereby leading
to a further reduction in the total resisting far€ée resisting force at the caisson tip can be

expressed under the form:

F, = 27RN, j:e o.dr (13)

whereNy is a bearing capacity factor aa\d the vertical effective stress at the caisson tip,

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

Ro), and these stresses have the expressions:

o, (Rh)=yh-['g (RO +5,(Rh) (14)

12
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G,o(RN) = yh=['g,(RO)A +5,(R ) (15)

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

AR _1

27RIN;S ACIGRLALY) (16)

Where functionsL: (Z ) and L, (Z ) are defined by expressions (11). Expression (1€)rass

a linear distribution of the vertical effectiveedts at the caisson tip through the thickness

the caisson wall.

The predictions of the reduction in soil resistadae to suction induced seepage expressed
by equations (12) and (16) are now compared texperimental results obtained by Tran
and Randolph, 2008 (Fig. 4-a). These experiments haen performed in a centrifuge on a
caisson model made from aluminium, 60 mm in diamé&@ mm in length and 0.3 mm in

wall thickness. The curve corresponding to jackestiallation, in Figure 4-a, has been used to
identify values for the parametéafsan(d) andN, of 1.02 and 187, respectively. In figure 4a,
g- denotes the penetration resistance which is tiweaghthe total penetration resisting force

over the horizontal cross-sectional area of thescs.

Based on the experimental results reproduced iar€ig-a, the difference in penetration
resistancelq;, normalised b¥s, is compared with the theoretical prediction. This
comparison is shown in Figure 4-b, where the expental data are represented with a
discontinuous line. It can be observed that th@permental data do not fit to the theoretical
prediction when the effect of soil loosening inside caisson cavity is not taken into
consideration. This is the calgse= 1 in Figure 4-b. It is important to note thag ttiscrepancy

between experimental data and predicted resulteases with the normalised depth,

13
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suggesting that, not onky should be larger than unity, it must also incredisgng the

installation process to reflect continuous soilsleiing as suction increases.

Indeed, further testing with valueslgfarger than unity but constant throughout the
installation process led to the same conclusiomcdgethe permeability factgymust be
variable during installation and must be an indreafunction of the normalised penetration

depthh*. We assume the following simple linear expression:

ki (h*) = ah* +k, (17)

After few trials with the simulation of seepagets first depth increments, values of the
parameterst andks have been identified as 3.0 and 1.3, respectivdig.value 1.3 must be
interpreted as the permeability ratio when sucisoiirst applied at very shallow penetration
depth, after self-weight penetration. It can beeobsd from the predicted results
corresponding to a variable coefficidqain Figure 4-b that in this case, the simulatiahs f
very well to the experimental predictions for thieoke installation process. This comparison
with experimental data highlights clearly the imjanice of soil loosening inside the caisson
cavity as a result of suction induced seepage duhie whole installation process.
Expression (17) provides a simple description efghrametek: which has been adopted in
this study to qualitatively reflect such looseneaftects. While this validation exercise
highlighted the pertinence of the simple assumeah {d.7) of the parametéy, further
experiments are required to justify whether theapueatersa andk; are constants, inherent to

the normalised geometry of the caisson problenmepeddant on other parameters.

Figure 4

14
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4. Boundsto suction

4.1 Critical suction for piping condition

We define themaximum suctiofor piping Snax @s the suction that causes the volume of soil
inside the caisson cavity to develop piping cooditiThe suction magnitude that may cause
failure of the soil plug should only be a fractiohthe maximum value and we refer to it as
critical suction At a generic material point of normalised cooad@sr’, z within the soil

inside the caisson, piping takes place when thicateffective stress becomes zero. This is

expressed by the equation:
0,=yz-['g(R{)d¢ =0 (18)
Hence, the suction magnitude that causes suchtaamdi given by:

s _ z
yR L(r',7)

(19)

WhereL (r*,z') = joz g (r',¢)dd" .

Houlsby and Byrne (2005) have proposed the pipiitgron: §/(y' R)= h' /(1-a) whereais
the magnitude of the normalised pressure at trss@aitip on the inner side; ises—p (h" . )

The proposed criterion assumes a constant pregsanieent on each side of the caisson wall.
In the present study, based on the numerical soiubr the normalised seepage problem,
condition (19) is an expression of the same caterihat takes into account the actual
variation of the pressure gradient as a functiomlegth. The minimum suction that causes

piping condition, which first appears at the caissip on the inner side, is given by (19) for

h' .
———. Hence, to account for the variation of the pressu

Z=h"andr'=1, ie., s/(yR)= L (h

15
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gradient on the caisson wall, the coefficiantised by Houlsby and Byrne (2005) is to be
replaced by the coefficie(fll— I;(h*)). Figure (5) shows a comparison of paramedeand (-

L*). The difference between these two parameters dmésseem to be affected by
penetration depth and is not significantly affedbgcthe parametds. The magnitude of this
difference being relatively small, may justify thise of parametea, which is simpler to

calculate and conservative as far as piping candis concerned.

Figure 5

In order to qualitatively estimate the critical 8an that causes failure of the soil plug due to
piping condition, we investigate the relationshgiviieen the suction rat&sha.xand the ratio
Vy/V of the volume of soil that develops piping to tbeal volume of soil inside the caisson
cavity. Figure 6 displays such relationship fofefiént values of the scaled penetration depth.
Curves in figure 6 are plotted to the resolutiontled finite element mesh, by checking

condition (19) for each element.

Figure 6

It can be seen that the suction magnitude thatesasl piping to initiate inside the caisson
cavity is a higher fraction of the maximum suctamthe penetration depth increases. This
means that at larger penetration depths, a modeatase in the suction ratds,axis likely
to become critical, compared to similar scenariasaslier stages of the installation process.
Figure 6 shows clearly how the suction ratio cutvesome steeper for larger penetration
depths, which indicates that the critical sucticegmitude becomes closer to the maximum

suction as the penetration depth increases.

4.2 Upper bound

16



4.2.1 Failure mechanism and compatibility conditions

In the assumed failure mechanism (Fig. 7), thelrddocks B and B are subject to

displacement increments of magnitudas and dug; respectively. Their directions have
inclination anglesd,and &, to the horizontal, respectively (Fig. 8). Theselasdave the

expressions:

T TP
0= 4y and 9 =14+2- 20
i 7 o=t 7 (20)

Where is the soil dilation angle. Blocks,And A are subject to vertical increments of
displacement denotedu, and du,; , respectively. Compatibility conditions (no sefgma or

interpenetration of blocks) impose the followingat®ns on these displacement increments:

Algy = Lo gy =M gng U - g 106 HY) (21)
cosd cosl, A, tand,

The variation of external workE, in these increments of displacement is given by:

&, :\/\/c;"d'le _Vvi"'d'lAi (22)

WhereV\/(','denotes the magnitude of the effective gravitydaacting on soil volume

outside the caisson (volumeg &nd B) andV\("denotes the magnitude of similar force acting
on soil volumeQ, inside the caisson (volumes &d B). These force magnitudes have the

expressions:

W =yQ,~ [ g,dv, W =yQ -|[gdv (23)
Q

17
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Pressure gradientg andg; in (23) have the expressions (9) in terms of ndised gradients.

Using these expressions, the integrals involvg@®) can be rewritten as follows:

jgodV:ZNRz_s( |+ \1) and jgidV:erI?_s( [+ J) (24)

Q

0 1

Where

o (W 1Ky w e s . RN A T A DN
I0=J'0 L g,rdrdz , J; jh* L g,r dr dz (25)

B LI B o /Ko pt

| =[ [ ordidz , 3 =] j(i_ﬁ)/mgrdr dz (26)
Figure 7
Figure 8

The volumesQ_ and Q, have the expressions:

Q,=R\K, [JK(% Ko>h*+§( K§+3Ko+3)—1} (27)
Q = ﬂRs(h* %mj (28)

Suction upper bound, is calculated assuming associated plasticity, #e= ¢ , which leads

to a zero-variation in internal work (see for imsta Atkinson, 1993). Hence, the expression

of the theorem of virtual work reduces to the emunat

18
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OE, =W,.0v,- W.oy=0 (29)

After substituting the expressions (23)Wf andW into (29), taking into account (24) and

the compatibility conditions (21), we obtain:

S - Q, —49Q;
YR 2mR[(1+3)-¢(1 +3)]

(30)

Note that under the assumption of associate pigstine assumed failure mechanism is valid
for values of the angle of internal frictiggnot exceeding 30 However, this limitation is

not very restrictive in the present study as thgese of this investigation is to show the
relevance of the shear failure mechanism, whidikedy to be justified for moderate failure

angles, especially due to soil loosening underi@uan the inner side of the caisson.

Figure 9 shows the variation of the normalisedisnaipper bound as a function of the angle

of internal frictiong for different values of the caisson penetratioptd@’.
4.2 L ower Bound

We select the cylinder of unit radius in the norised geometry as single stress discontinuity
(Fig. 7). The lower bound theorem, which stated tha failure criterion should not be
violated anywhere within each of the zones sepdrhyethe stress discontinuity, where the

stress field satisfies equilibrium (Atkinson, 199)governed by the state of stress at points

\

A and B at the caisson tip (Fig. 7). The threessime(a;)A, (a' )Band 0,'1 , at the caisson tip,

denote the vertical effective stresses at poinend B and the lateral effective stress acting
on the discontinuity surface, which remains cortimi due to equilibrium. These stresses

have the expressions:

19



(@)= (-9, (R 2))iz= jf[y—%g;(l z )dez* =Ry'h - sL, (W) (3D
(@), =[ (-0, (R Diz= johf(y—gg: bz )dez* =Ryh' =L (') (32)

5,=K:(5)), =1 (@), &
0

Equation (33) holds when soil yields on both sioiethe stress discontinuity and points A
and B are in active and passive states respectiVablyfunctionsL, (zZ ) and L, (Z') are given
by expressions (11).

By substituting (31) and (32) into (33) we obtamexpression for the suction lower bound

based on the assumed stress discontinuity:

S - f?*(l‘K;’z) : (34)
YR L(0)-KoL ()

Figure 9 shows the normalised suction lower bound tunction of the soil internal angle of

friction ¢ for different values of the normalised penetratiepthh’.

Figure 9

Figure 9 also displays the normalised suction ntages that correspond to 1% and 10% of
the soil plug volume affected by the piping coratitilt can be seen that as the penetration
depth increases, shear strength tends to govdrstability. For instance, at a normalised

depthh'=2 (Fig. 9¢), the suction ratio that causes 10%oifsping exceeds the suction

20
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upper bound for a range of friction angle valuesap3. This shows clearly that, while
piping governs the critical soil condition durirtgetearly stages of caisson installation, such
condition may switch to a failure mechanism govdrhg shear strength at larger penetration
depths. Hence, both mechanisms must be considdred @stimating a safe suction profile
for caisson installation in sand. This justifiee tieed for further investigation regarding the

modes of soil failure during caisson installatiarsand.

5. Conclusion

This investigation has been motivated by the neatkvelop rational procedures to predict
the effects of suction-induced seepage on soilitiond during caisson installation in sand.
The numerical solution of the normalised model peobfor seepage around a caisson
foundation has first been obtained. Normalisedqumessgradients have been used to study
soil resistance to caisson penetration and critioatitions for soil failure. The present
analysis takes into account the actual variatigor@ssure gradient on both sides of the

caisson wall.

Expressions for the magnitudes by which penetratsisting forces reduce due to seepage
have been derived. These expressions can be exdlatadifferent penetration depths with
the help of the numerical solution of the normaliseepage problem. Critical conditions for
soil piping have been investigated in conjunctiothva second shear failure mode affecting
the soil plug. Piping is found to govern the cati@ilure condition at the early stages of the
installation process. The failure criterion migivitsh to a mechanism governed by shear
failure at larger penetration depths for sufficigmdw shear strength. These findings justify
the need for further investigation of the modesaf failure during caisson installation in
sand. Extension of the present work may consisbisidering more appropriate failure

mechanisms and stress discontinuities to overcoménhitation on the soil angle of internal
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friction set by the simple mechanism adopted ia Work. Finally, the effect of low
permeability layers, such as the existence of stdstratum within the installation depth,
may be considered as it is expected to affectiitieat installation conditions described in

this paper.
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Figure Captions

Figure 1.

Normalised geometry

Figure 2.

a, c, e: Normalised excess porewater pressure waentor scaled penetration depths h*=0.2,

1, 2; b, d, f: Contours of normalised pressure igratd

Figure 3.
Dimensionless pressure gradient as a functionalédalepth for different

caisson penetration depths: (a) h* = 0.2, (b) H%6; (¢c) h* = 2.0

Figure4.
(a) Experimental data (Tran and Randolph, 2008).

(b) Validation of predicted reduction in penetratr@sistance for suction-installed caisson

Figureb.

Comparison of parameteasand (-L*) for critical piping condition.

Figure®6.

Proportion of soil volume subject to piping conaiitias a function of the fraction of

maximum suction.

Figure?.

Assumed failure mechanism and stress discontifoiitthe calculation of suction bounds
(normalised geometry)

Figure8.

Compatible displacement increments in the assurikdd mechanism.
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Upper and lower bounds of normalised suction astfons of the angle of internal friction

for different values of the scaled penetration def#) h* = 0.2, (b) h* = 1.0, (c) h*=2.0
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