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Abstract

Suction caissons can readily penetrate into the seabed under the combination of the self-weight and suction resulted
from the encased water being increasingly pumped out. During suction-assisted penetration, the equivalent
overburden at the skirt-tip level outside the caisson is generally higher than that inside because the vertical stress
within the soil plug is reduced by the exerted suction. This may result in a uniform shear stress developing over the
base of the skirt-tip as the soil below the skirt-tip tends to move into the caisson, which leads to an asymmetric
failure wedge existing below the base of the skirt-tip. Besides, different adhesion factors along the inside (¢;) and
outside (a,) of the skirt wall will cause asymmetric plastic zones inside and outside the caisson. Accordingly, an
asymmetric failure mechanism is therefore proposed to calculate the penetration resistance of the skirt-tip. The
proposed failure mechanism is the first to consider the effect of different adhesion factors («;) and (a,) on the failure
mechanism at the skirt-tip, and involves the contribution from the weighted average of equivalent overburdens inside
and outside caisson at the skirt-tip level. The required suction pressure can be obtained in terms of force equilibrium
of the caisson in a vertical direction. Finally, the asymmetric failure mechanism at the skirt-tip is validated with the
FE calculations. By comparing with the measured data, the predictions of the required suction pressure are found to

be in good agreement with the experimental results.

Key words: suction caisson, required suction pressure, penetration resistance, skirt-tip, rough base, clay

Citation: Wu, Y. Q., Li, D. Y., Yang, Q., 2020. Penetration resistance of skirt-tip with rough base for suction caissons in clay. China Ocean Eng.,

34(6): 784794, doi: https://doi.org/10.1007/s13344-020-0071-z

1 Introduction

Suction caissons have become the preferred foundation
for offshore wind turbines due to their competitive technic-
al and economic advantages over other foundations like
driven piles (Zhang et al., 2016; Wu et al., 2019; Luan et al.,
2020). A suction caisson is first penetrated into the seabed
to a certain depth under its self-weight, and further penetra-
tion is achieved by pumping out the encased water, creating
an under-pressure inside the caisson. During installation, the
total penetration resistance (F) is composed of the skirt-tip
resistance (Fy,) and skin frictions along the inside (F}) and
outside (F,) of the skirt wall. The skin frictions can be cal-
culated by applying an adhesion factor « to the value of in-
situ undrained shear strength s, (Houlsby and Byrne, 2005;
Westgate et al., 2009), where the adhesion factor equals the

inverse of the sensitivity S; (Andersen and Jostad, 1999;
Houlsby and Byrne, 2005). The skirt-tip resistance can be
computed from Fy,=nD10,=tD{(Nqo+N,s,), where, Ny
and N, are the bearing capacity factors; D, is the mean dia-
meter of caisson; ¢ is the thickness of skirt wall; o, is the
weighted average of equivalent overburdens at depth z
(Chen and Randolph, 2004; Houlsby and Byrne, 2005; Li et
al., 2010; Randolph et al., 2005; Westgate et al., 2009).
Since the caisson penetration is faster than the drainage of
clay, the shear strength of clay can be regarded as un-
drained strength. For the undrained clay, it has the bearing
capacity factor N;=1. However, an appreciable difference
exists in selecting the value of the bearing capacity factor N,
among some researchers. Andersen et al. (2005) recommen-
ded that the factor N, ranges from 7.5 to 11, the higher num-

Foundation item: This study was financially supported by the National Natural Science Foundation of China (Grant Nos. 51639002 and 51879044) and

the SDUST Research Fund (Grant No. 2015KYJH104).
*Corresponding author. E-mail: ldy@fzu.edu.cn



WU Yu-qi et al. China Ocean Eng., 2020, Vol. 34, No. 6, P. 784-794 785

ber considered the influence of the skin friction above the
bearing area. Reductions in factor N, were made for depth
effects in the cases of shallow penetration. Li et al. (2010)
indicted that N, increases from 6.2 at embedment depth
h/D=0 to 9.0 at h/D=4. Furthermore, slightly overestim-
ated values of N, were obtained by Zhou and Randolph
(2006), which reduces from 11.6 at 1.0D embedment depth
to 9.2 at 4.0D embedment depth. Westgate et al. (2009)
pointed out that the factor N, could be as small as 6.2 and as
large as 15, resulting in a significant uncertainty in the cal-
culation of penetration resistance (Hossain et al., 2012). In
addition, N;=7.5 (Watson et al., 2000; Randolph and House,
2002; Randolph et al., 2005; Andersen and Jostad, 1999;
Chen and Randolph, 2004; Hossain et al., 2012) and N;=9.0
(Byrne et al., 2002; Guo et al., 2012; Houlsby and Byrne,
2005; Houlsby et al., 2005) were typically suggested to cal-
culate the skirt-tip resistance. Obviously, there has been
some uncertainty in the quantification of factor N, (Watson
et al., 2000), which will lead to inaccurate estimation of the
skirt-tip resistance. Chen and Randolph (2004) pointed out
that factor NV, varying from 7 to 12 will lead to a difference
of 9% in total penetration resistance.

A slip-line method is adopted in this paper to derive an
analytical solution to skirt-tip resistance with rough base ac-
cording to the asymmetrical failure mechanism. The pro-
posed failure mechanism will consider the effect of differ-
ent adhesion factors ¢; and a, on the failure mechanism at
the skirt-tip, and involves the contribution from both the ef-
fective unit weight of soil within plastic zones and the
weighted average of equivalent overburdens at the skirt-tip
level. Ultimately, the bearing capacity factors N, and N, will
be expressed in terms of adhesion factors ¢; and a,, and
used to compute the required suction pressure based on the
force equilibrium of the caisson in the vertical direction. By
comparing with the finite element (FE) calculations, the
asymmetry failure mechanism at the skirt-tip is validated. In
addition, the experimental results were further analyzed by
the proposed method to testify the rationality of the presen-
ted theoretical results.

2 Penetration resistance of skirt-tip with rough base

In the case of a surface foundation, a symmetrical fail-
ure mechanism with a plastic failure wedge below the
foundation is often used for a smooth base (Meyerhof,
1951). For a rough base, a symmetrical elastic failure wedge
is commonly considered to exist below the base of the
foundation (Terzaghi, 1943; Meyerhof, 1951, 1955, 1963).
The geometry of the failure wedge below the base of the
foundation can be defined by the base angle w that is usu-
ally assumed from the internal friction angle of soil ¢ (Terz-
aghi, 1943) to n/4+¢/2 (Meyerhof, 1951, 1963). However,
in the case of suction caissons penetrating into clay under
suction, the equivalent overburden at the skirt-tip level out-
side caisson (o,) is generally higher than that inside (o;)

since the exerted suction inside the caisson reduces the ver-
tical stress within the soil plug. As a result, the soil below
the base of the skirt-tip tends to move inwards, leading to a
uniform base shear stress (z4,) develops at the skirt-tip,
rather than that increases linearly with the distance from the
center line of skirt wall to a maximum at the end of the fail-
ure wedge (Meyerhof, 1955). The shear stress at the base of
skirt-tip () will cause an asymmetric geometry of the fail-
ure wedge below the skirt-tip, as shown in Fig. 1.

As suggested by Meyerhof (1951), the zones of plastic
equilibrium around the foundation extend towards the sides
of the foundation with the increasing embedment depth.
Since the skirt walls are generally very thin compared with
the caisson diameter, D/t > 100, where D is the outer dia-
meter of caisson (Randolph et al., 1998; House et al., 1999),
the skirt wall tends to be a long slender element. Thus, the
failure mechanism at the skirt-tip may resemble that of a
deep foundation where the plastic zone has reached the
sides of the skirt wall. Moreover, the various adhesion
factors (¢;) and (a,) will lead to different skin frictions, res-
ulting in asymmetric plastic zones between the inside and
outside of the caisson. Consequently, an asymmetrical fail-
ure mechanism may occur at the skirt-tip. Since the shear
stresses along the inside and outside of the skirt wall are
=o;s, and t,=a,s,, respectively. For simplicity, it is as-
sumed that the shear stress 7;;,=0.5(¢; + a,)s, distributes uni-
formly over the base of the skirt-tip. As shown in Fig. 1, an
asymmetrical failure mechanism may be formed at the skirt-
tip, where the geometry of failure wedge I can be defined by
the base angles w; and w,. The plastic zones on each side of
the asymmetrical failure wedge consist of radial shear zone
IT and plane shear zone III that are identical to those of the
failure mechanism for a deep foundation as presented by
Meyerhof (1951). Since the skirt walls are generally very
thin compared with the caisson diameter, the displacement
pattern of the clay within plastic zones at the skirt-tip may
be very close to a plane strain problem (Andersen et al.,
2008; Randolph et al., 2005; Wu et al., 2018, 2019). Then,
under plain-strain condition, the limit equilibrium differen-
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Fig. 1. Asymmetrical failure mechanism.
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tial equations of the slip-line can be obtained in terms of the
stress equilibrium and yield criterion. In deriving the slip-
line solutions, the soils within zones I to III are assumed to
be isotropic and ideally rigid-plastic materials with associ-
ated flow rule and their weight and volumetric deformation
are ignored. As suggested by Davis and Booker (1973), it is
accurate enough to use some average value of s, as a con-
stant in bearing capacity analysis for small footings in un-
drained clay (9=0). Thus, it is assumed that the undrained
shear strength within plastic zones at the skirt-tip is approx-
imately uniform.

2.1 Failure wedge I

As suggested by Meyerhof (1951), the failure wedge
ABB'" acts as part of the skirt wall. Thus, boundaries 4B and
AB' shall be slip-lines that perpendicularly intersect with
each other at point 4, as shown in Fig. 1. Since the weight
of soil within zone I is ignored, the shear and normal
stresses on boundaries 4B and 4B’ can be determined graph-
ically by using Mohr’s circle. Thus, as shown in Fig. 2b, the
stress condition on boundary BB’ can be represented by that
at point o on a Mohr circle. Then, a chord from o, drawn
parallel to the boundary BB’ in the physical plane, intersects
the Mohr circle at point a that is defined as the pole point
(Li et al., 2013). On the Mohr circle, if two chords are
drawn from point a to points b and b’. Then, ab and ab’ will
be parallel to slip-lines AB and AB' in the physical plane on
which the shear strengths of soil develop fully.

Thus, from Fig. 2b, the geometry of the asymmetrical
failure wedge ABB' is uniquely defined by the base angles
w; and w, that can be derived in terms of the base shear
stress 1, as:

1 Tip 1 (ai+ap)sy 1 o + 0o
Wi = —arccos— = —arccoS————— = —arccos——
2 S 2 284 2
T . |Ttip| T . (aj+ag)sy @
W, = — + —arcsin— = — + —arcsin———— = —
4 2 Su 4 2 284

o+ 0o

1
Earcsin
(1)

From Fig. 2a, the direction of major principle stress o; at
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point 4 can be expressed as:
b T
Os=——w;=wo— —.

1 2 (@)

2.2 Stress fields in plastic zones

2.2.1 Basic equations

As shown in Fig. 3, the compressive stresses o, and o,
are treated as positive. The shear stress z,, on a given plane
is positive if z,, tends to produce a counterclockwise rota-
tion about a point inside the soil element, and the shear
stress ., is negative if z,, tends to rotate clockwise about a
point inside the element. From Fig. 3, we have the follow-
ing two equations of equilibrium

Otyy
% + & - O
ox Oy 3)
by, 5
ox  dy

The yield condition of clay is shown in Fig. 4. Then, the
stresses can be expressed as:
0x=p—rcos2f
oy = p+rcos20
Tyy = £rsin26

“

where p=(o,+0,)/2 is the mean stress, r=s, is the radius of
Mohr circle, 8 is the angle between the direction of the ma-
jor principle stress o and the y-axis.

By substituting Eq. (4) into Eq. (3), the following two
equations which are known as the Hencky equations can be
obtained

p—2s,60 =C, along an a—line
{ p+2sy8=Cp along a f—line ©)
where C, and Cy are constants along o and f slip-lines.

From Fig. 1, points 4 and C’, 4 and C are on the same a
and f slip-lines, respectively. Thus, from Eq. (5), it has
{ pa—25004 = pcr —2sy6¢cr along an a.—line 6)

pa+2s404 = pc+2s40c along a f—line
where, p,, pc and p. are the mean stresses at points 4, C
and C'; 8,4, . and 0 are the angles between the major prin-
ciple stresses o; and y axis at points 4, C and C', respect-

(b) Mohr circle

Fig. 2. Stress state of elastic wedge.
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Fig. 4. Yield condition.
ively.

2.2.2 Stress boundary conditions analysis
As shown in Fig. 5, in the plastic zone, considering a
boundary /" whose normal stress forms an angle of ¢ with
the y-axis, the normal and shear stress are known as o,
and z,.
From Fig. 4, it has
2u==+mn/2
{ a=0-pu (7
B=0+u
On boundary I, the soil has reached the critical condi-
tion. According to Fig. 6, we can obtain
{ On =P+ sycos2(@—¢)
Ty = Sy sin2(f—¢)

®)

r

Fig. 5. Stress boundary condition.

Fig. 6. Stress states at failure on boundary /.

From Eq. (8), p and 6 can be solved in terms of the giv-
en values of g, 7, and ¢, it has

p =0p—sycos2(f—¢)
9=8+1arcsin(r—n) ©)
2 Su

2.2.3 Construction of slip-line fields

(1) Plane shear zone III inside the caisson

As discussed previously, the plastic zones inside the
caisson have extended to the skirt wall. Thus, the shear
strength of soil within plane shear zone III developed fully.
Since the weight of the soil within plastic zones is ignored,
the stress condition (o;, 7;) on boundary C'D’ can be repres-
ented by point d' on a Mohr circle, as shown in Fig. 7b.
Then, a chord from d' drawn parallel to boundary D'C’ in
the physical plane, intersects the Mohr circle at point ¢’ that
is defined as the pole point (Li et al., 2013). On the Mohr
circle, if a chord is drawn from pole point ¢’ to point ', then
chord b'c’ will be parallel to slip-line B'C' in the physical
plane.

From Fig. 7b, the inclination angle #; of boundary B'C’
can be derived as:

—1 r + arcsin L
=512 5]

0iSy

(10)

l1(n .
—| = +arcsin

_n+1 .
513 =1 2arcsmocl.

Su
From Fig. 7b, the mean stress p. and the angle 6 at

point C' can be obtained as:
T 2
pcr = 0i+ sycos(2n; — = | = 0i + sy l—oci

) 3 o an
e ==\ +m)|=—m—Jarcsin o

(2) Plane shear zone III outside the caisson
Similarly, from Fig. 8b, the inclination angle 7, of
boundary BC can be derived as:

_! T[Jrarcsinr0 =
o =712 sl

1 1
5 (g +arcsinaz—ju) = g + zarcsin Oo- (12)
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Fig. 8. Failure mechanism inside the caisson.

; . . o+
The mean stress p and the angle 0. at point C can be Pap = Gi + Su (27t + arcsing; +arcsin 2. - o, i _aiz)

expressed as:
. . Oit+ oo 5
T PAB = 0o+ Sy (2n + arcsino,, — arcsin 2 +4/1- ao)
pc =0, +sucos(2770— E) = 0o+ Syl — 03
3 (13) (14)
Oc = 7 =Tt zafCSiH o From Fig. 2, based on the force equilibrium of failure
wedge I, it is therefore essential to use the following expres-
2.2.4 Bearing capacity factors N, and N, sion to obtain the bearing capacity of the skirt-tip, Fy,
2. # 4
According to the properties of the slip-line fields, if the Fuip =pap - - cos ®; + Sy _ - sinw;+
slip-line fields on both sides are known, then the slip-line C(:Zwl @i
field between them can be determined uniquely. As shown PAB COS o + Su sinw, (15)
COS o coS W,

in Fig. 1, since th,e one f"amlly of slip-lines .are straight l'mes where, m=i(tana,)/(tane:+tana, ).
(e.g. AB, BC, AB' and B'C’) that meet at points B and B’, re- By substituting Eq. (14) into Eq. (15), in terms of
spectively. Thus, in zone II, those of the other family should weighted contributions from equivalent overburdens (o;)

be circle arcs. By combining Egs. (1), (2), (6), (11) and (13), and (0,) and the undrained shear strength (s,), the penetra-
the mean stress on boundaries 4B" and AB can be respect-  tion resistance at the skit-tip oy, can be presented in a stand-

ively derived as: ard form as:
_Fiip  pap (t=m)+ sy (t—m)tanw; + papm + symtanw,
Otip = = ; =
. . oita tan w; tan @
27 + arcsingj+arcsin—— + [l —o2 +2———— %
oitanw, + 0, tan w; N 2 ! tan w; + tan w, s
i ; : . oita tan w; u
tanw; + tan wo +|arcsina, — arcsing; + /1 — a2 — /1 — a? — 2arcsin——— :
N ! 2 tan w; + tan w,
q0z
Nesu (16)

where o,=(ctanw totanw;)/(tanw,+ tanw;) is the weighted average of equivalent overburdens at the skirt-tip level in-
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side and outside the caisson, w; and w, can be determined
from Eq. (1). The first term of Eq. (16) is resulted from the
weighted average of overburdens at the skirt-tip level o,
and the corresponding bearing capacity factor N;=1. The
second term of Eq. (16) arises from the undrained shear
strength of soil s, and the corresponding factor N, has the
value as given in the square brackets of Eq. (16). Fig. 9a
shows the values of factor N, versus adhesion factors, which
ranges from 8.28 to 9.42 with respect to variations of the ad-
hesion factors o; and a,,.

2.2.5 Bearing capacity factor N,

For the proposed asymmetry failure mechanism, the ef-
fective unit weight of clay within the plastic zones will con-
tribute to the penetration resistance of skirt-tip. Thus, by
considering the failure mechanism inside the caisson as
shown in Fig. 1, the plastic equilibrium can be found by bal-
ancing the moments about point B’ due to the self-weights
of plain shear zone III, radio shear zone II and the overturn-
ing resultant thrust £,z acting on boundary 4B".

The moment induced by the self-weight of plain shear
zone III can be obtained as: ,

Fp fap COSW; + fapcoswo — y’% sin w; sin w,

Otip =—— = =
Py ¢

Y (t—m)

M =
6c0s3w;

(17)

sin nicoszni.

The moment caused by the self-weight of radio shear
zone 11 can be calculated as:

—m
T+ cosw;

’ 3
t -
My = j f 72 cosédrdé = M (sing; +sine;). (18)
o b 3cos wj
By combining Eqgs. (17) and (18), f can be expressed
as:
fap _2(Mu+Mm) _
AB ST
Y (t— m)2 . . .
m (2 sinz; + 2sinw; + smnicoszni) . (19)
Similarly, f,5 outside the caisson can be obtained as:
/02
_ . . . 2
fag = 3c0s20, (2 sinz, +2sinw, + sin#x,cos 170). (20)

From Fig. 2, based on the force equilibrium of failure
wedge I, the penetration resistance at the skirt-tip resulted
from the self-weight of clay within plastic zones can be ex-
pressed as:

v t [(1 m )2 4siny, +4sinw;+2sinz;cos?y, s (@ )2 4siny, +4sinw,+2siny,cos’y,

t 3cosw; t

2

—sinw; Sinw,
3cosw,

Ny
where, m/t=tanw;/(tanw,+tanw;,), w;, ®,, #; and 5, can be de-
termined from Egs. (1), (10) and (12), respectively. The
bearing capacity factor N, has the value given in the square
brackets of Eq. (21). Fig. 9b shows the values of factor N,
versus adhesion factors, which range from 1.0 to 1.35 with
respect to variations of the adhesion factors ¢; and a,,.

As shown in Fig. 1, the geometry of the asymmetric fail-
ure mechanism can be defined by angles w;, w,, #; and 7,
that vary with adhesion factors a; and a,,. For the smooth in-
terface (i.e. a;=a,=0), the shear stress at the base of skit-tip
7i,=0, this gives w=w,=n=n,=n/4. As shown in Fig. 10a,

0 a
0.0 (},(]0""
(a) factor N,

the resulted failure mechanism coincides with that sugges-
ted by Meyerhof (1951). In this case, the corresponding
bearing capacity factors N.=8.28 and N,=1.

From Figs. 7 and 8, the radio shear zones II extend to-
wards the skirt wall with the increasing skin friction, con-
tributing to the penetration resistance of the skirt-tip. This
coincides with the suggestion in Andersen et al. (2005) that
N, may be influenced by the skirt wall friction. Therefore,
for the rough interface (i.e. a;=a,=1), the shear stress on the
base of the skirt-tip z;,=s, is potentially reached (i.e. the un-
drained shear strength of soil on the base of the skirt-tip is

1.36 1.36

1.28 1.28

o
T0.070.0 2
(b) factor N

Fig. 9. Variations of bearing capacity factors with adhesion factors a, and a;.
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Fig. 10. Failure mechanism around the skirt-tip.

fully mobilized), giving w=0, #;=n/4 and w,=n,=n/2. This
leads to the failure wedge below the base of the skirt-tip
vanishes and the radial shear zone II inside the caisson ex-
tends to the base of skit-tip BB’ and inside of skirt wall B'C’
that have become £ slip-lines as shown in Fig. 10b. In this
case, the bearing capacity factors N;=9.42 and N,=1.35.
Overall, with the values of a, and ¢; being all between 0 and
1, the theoretical results of the factor N, range from 1.0 to
1.35, and factor N, ranges from 8.28 to 9.42 that involves a
typical value of about 9.0 usually assumed in design.

3 Calculation of required suction pressure, p.

From Eq. (16), an important concern is to estimate the
equivalent overburdens o; and g, at the skirt-tip level. As the
caisson penetrates into seabed, the skin frictions along the
skirt wall will enhance the vertical stresses in the vicinity of
the skirt wall. As recommended by Houlsby and Byrne
(2005), the downward adhesion will result in a uniform in-
crease of vertical stress inside the caisson at the skirt-tip
level. Then, the equivalent overburden o; inside the caisson
at the skirt-tip level can be expressed as:

o=y h+ Lth(;% — Pre-

As suggested by Wu et al. (2020), the equivalent over-
burden o, at the skirt-tip level outside caisson will decrease
exponentially with increasing distance from skirt wall.
Thus, the maximum value of ¢, can be obtained at the skirt

wall surface.

o = (1+1.51/D)? o501
© 1+3.5h/D
where, s,,; is the average shear strength over the penetration
depth of skirt wall.
By combining Egs. (1), (16), (21) (22) and (23), the pen-
etration resistance of the skirt-tip oy, can be expressed in a
standard form as:

(22)

(23)

t
Otip = Nqoz + Nesu + NW,E’
where, 0,=(citanw,totanw;)/(tanw,+ tanw;); o; and o, can

24

be obtained from Egs. (22) and (23); w; and w, are calcu-
lated from Eq. (1); Ng=1 for undrained clay; N, and N, can
be determined from Egs. (16) and (21) in terms of adhesion
factor a; and a,. Nevertheless, if the skirt wall of caisson is
painted or treated in other ways to reduce the skin friction, a
correction factor needs to be applied to the calculation of
skin friction between clay and skirt wall (Andersen et al.,
2005; Guo et al., 2012). The correction factor can be de-
termined from ring shear tests (Andersen et al., 2005). As
discussed by Wu et al. (2020), the values of adhesion
factors ¢; and a, may be different, which can be derived the-
oretically by using back analysis (House et al., 1999).

During suction-assisted penetration, the required suc-
tion pressure is calculated as the total penetration resistance
(Fior) minus the submerged caisson weight (7”), divided by
the inside cross section area of the soil plug. Then, by using
limit equilibrium theory of suction caisson in a vertical dir-
ection, the required suction pressure for caisson installation
can be obtained as

Fi+Fo+ Fip—Vi
Pre=—————=
nD;“ /4
nDha su1+nDihas sy1 + Do, — V'
nD2/4

where oy, can be determined from Eq. (24).

; (25)

4 Verifications

4.1 Verification with FE calculation results

The geometry of the failure wedge is confirmed by the
displacement contours and the moving pattern of soil below
the smooth and rough bases of the skirt-tip obtained from fi-
nite (FE) element simulations. The detailed information
about the FE calculations can be found in Wu et al. (2020).
Fig. 11 shows the resulted displacement vectors and nepho-
grams of soil below the skirt-tip at the penetration depth
h/D=3.0.

It can be observed from Fig. 11a that a symmetrical fail-
ure wedge with base angles w;=w,=n/4 is formed below the
smooth base where the soil moves downwards and inwards.
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Smooth base

(a) Smooth base

791

(b) Rough base

Fig. 11. Displacement vectors together with nephograms at penetration depth of 4/D=3.0.

For a rough base, however, an asymmetric failure wedge
formed below the base of the skirt-tip, which acts as part of
the skirt wall, as shown in Fig. 11b. This reveals that the
shear stress was induced at the rough base of the skirt-tip,
restricting the horizontal movement of the failure wedge.
Thus, it can be concluded from Fig. 11 that the base shear
stress causes an asymmetrical geometry of the failure wedge
below the base of the skirt-tip.

Since the difference in equivalent overburdens at the
skirt-tip level between the outside and inside of the caisson
increases with the increasing penetration depth 4/D, the un-
drained shear stress of soil on the base of the skirt-tip will
be gradually mobilized. At initial suction-assisted penetra-
tion depth #/D=1.5, the equivalent overburden o; is slightly
larger than o, because the value of exerted suction inside the
caisson (p,, = 4.5 kPa) is small. The degree of mobilization
of shear strength of soil on the base of the skirt-tip is low on
account of the little difference in equivalent overburdens at
skirt-tip level between the inside and outside of the caisson,
as shown in Fig. 12b. Thus, the apex A’ of the failure wedge
deviates the center line inward slightly, as shown in
Fig. 12a.

However, as the skirt wall penetrates clay to a deeper
position, the difference in equivalent overburdens between
the outside and inside of the caisson at the skirt-tip level in-
creases with the increasing exerted suction pressure. There-
fore, the direction of shear stress on the base of the skirt-tip
changes from inwards to outwards. Thus, the pole point
moves from point a' to point ¢ on a Morh circle, as shown
in Fig. 12b. Meanwhile, the apex of failure wedge moves

Inside caisson B

QOutside caisson

Motion - s
trajectory

F =

1
i =0,

(a) Physical plane

Fig. 12.

along arc B'A’AB from point 4’ at A/D=1.5 to point A4 at
h/D=4.0, as shown in Fig. 12a. This is confirmed by FE cal-
culations as shown in Figs. 11 and 13, where the apex of the
failure wedge deviates the center line of skirt wall from in-
ward to outward with the increasing penetration depth, and
finally remains almost unchanged until the end of suction-
assistant penetration.

4.2 Verification with measured data and existing theoretic-
al results

4.2.1 Laboratory installation tests

Three caissons with diameters of 10.4 mm, 15.9 mm and
37.2 mm were investigated by House et al. (1999) in nor-
mally consolidated clay. All caissons had a wall thickness of
0.4 mm and an L/D ratio of 8. The effective unit weight of
the soil is 5.9 kN/m3. In the centrifuge, the shear strengths
of the normally consolidated clay are estimated to be 90
kPa/m for Sample I and 75 kPa/m for Sample II, respect-
ively. Table 1 summarizes the optimal theoretical factors
that provide the best fit to the experimental data of the cais-
son installations in House et al. (1999).

Fig. 14 shows comparisons between the calculated and
measured results of required suction to install the caissons
of 10.4 mm, 15.9 mm and 37.2 mm in diameter. It can be
found that the predicted results from Eq. (25) with the val-
ues of adhesion factors o; and o; suggested in House et al.
(1999) are in a good agreement with the measured data.

4.2.2 Prototype tests
Two caissons with diameters of 1.5 m and 3 m were in-

b

\
I N ST

(h/D=4)a’

(b) Mohr circle

Movements of apex of the failure wedge.
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Fig. 13. Failure mechanisms at the penetration depths #/D=1.5 and 4.0.

Table 1 Values of adhesion factors recommended by House et al.
(1999)

Clay

Sample I (p=90 kPa/m) Sample II (p=75 kPa/m)

Diameter (mm) 15.9 37.2 10.4 15.9 37.2
o 0.0 0.25 0.88 0.4 0.16
Factors
o, 0.75 0.75 0.7 0.6 0.62

vestigated in normally consolidated clay by Houlsby et al.
(2005). The undrained shearing strength of the soil can be
estimated as s,=11.43+1.9z. As suggested by Houlsby et al.
(2005), the adhesion factors a;=a,=0.5 were used for both
the inside and outside of the skirt wall. More detailed in-
formation is available in Houlsby et al. (2005). Fig. 15
presents the comparison between the predicted results from
Eq. (25) and the existing theoretical and test results in
Houlsby et al. (2005).

Generally, the predictions of the required suction agree
well with the measured data until the full penetration depth
of the caisson is reached, except at the initial penetration
depth. This may be due to the underestimated undrained

Required suction, p_/(pD)

0 0 80 160 240
i 4 D =159 mm
31 ¢ D =372 mm

-~ Eq. (25) (Present study)

Normallised penetration depth, i/D
[=,1

(a) Sample I: p=90 kPa/m

shear strength of the shallow soil, leading to an underestim-
ation of the required suction (Houlsby et al., 2005). Further-
more, the predicted theoretical result of the bearing capa-
city factor N;=8.8 which is very close to N.=9 that was ad-
opted in Houlsby et al. (2005). The theoretical results of Eq.
(25) for each caisson were in good agreement with existing
theoretical results by adopting adhesion factors ¢; and a,
suggested in Houlsby et al. (2005).

4.2.3 Centrifuge model tests and FE simulation results
House and Randolph (2001) conducted the centrifuge
test to investigate the installation of suction caisson in nor-
mally consolidated clay. The experiments were carried out
at 120 g. At the prototype scale, the strength profile of the
clay increases with the depth at the gradient of 1.2 kPa/m
from the mud-line to the depth of 8.04 m and then increases
with the depth at the gradient of 1.7 kPa/m. The effective
unit weight of the soil was 6.6 kN/m3. The prototype geo-
metry contrast with the model caisson is 3.6 m in diameter,
60 mm in wall thickness and 14.4 m in skirt length. An ad-
hesion factor of 0.5 recommended by Houlsby and Byrne

Required suction, p_/(pD)

0 0 50 100 150 200
o D =10.4 mm
2 4 D =159 mm
1 ¢ D =372 mm

-- Eq. (25) (Present study)

Normallised penetration depth, A/D
=9

(b) Sample 11 : p=75 kPa/m

Fig. 14. Suction vs. penetration depth for model tests.
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Fig. 15. Suction vs. penetration depth for prototype tests.

(2005) was used for both internal and external walls. Fig. 16
shows a comparison between the calculated and measured
suction pressure. It can be observed that the theoretical res-
ults of Eq. (25) are in good agreement with that calculated
in Houlsby and Byrne (2005) and the centrifuge test data.
From Figs. 14-16, it can be seen that the required suction
pressure predicted by Eq. (25) can present satisfactory com-
parisons with FE calculations, existing theoretical and ex-
perimental results.

Required suction, p,_(kPa)

0 0 40 80 120 160

« FE results (Present study)
14 Eq. (25) (Present study)

Normalized penetration depth, A/D
[3%)

'S
b

Fig. 16. Suction vs. penetration depth for centrifuge test.

5 Conclusions

With considering an asymmetry failure mechanism at
the skirt-tip, the penetration resistance of skirt-tip for suc-
tion caisson penetrating in clay is deduced by using the slip-
line method. The bearing capacity factors N, and N, are ex-
pressed in terms of the adhesion factors a; and a,. The ana-
lytical solution to the required suction pressure to install
suction caissons is obtained based on the force equilibrium
in a vertical direction. By comparing with the FE calcula-
tion and experimental results, the proposed failure mechan-
ism is validated and the predictions of the required suction
pressure have been proved to be in good agreement with the
measured data. The proposed method is helpful to under-
stand the failure mechanism at the skirt-tip, and provides re-
liable results in selecting the bearing capacity factors N, and
N, to compute the skirt-tip resistance during suction-as-
sisted penetration in clay. The following conclusions can be
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drawn.

(1) The shear stress 7, on the base of the skirt-tip leads
to an asymmetrical geometry of the failure wedge. For a
smooth base of the skirt-tip (i.e. 7;,=0), a symmetry failure
wedge is formed below the skirt-tip. For a rough base of the
skirt-tip, the failure wedge below the base of the skirt-tip
tilts outwards gradually with the increasing mobilized base
shear stress 7,, and finally vanishes at the full mobilization
of undrained shear strength (i.e. 74,=s,,).

(2) The radio and passive plane shear zones identical to
those of the failure mechanism for a deep foundation are
formed at each side of the failure wedge. The radio shear
zone extends towards the skirt wall with increasing adhe-
sion factor, contributing to the skirt-tip resistance.

(3) The proposed failure mechanism considers the ef-
fect of adhesion factors on the failure mechanism at the
skirt-tip, and involves the contribution from both the effect-
ive unit weight of soil and the weight average of equivalent
overburdens at the skirt-tip level. For undrained clay, the
resulted bearing capacity factors Nj=1, N, and N, range
from N=8.28 and N,=1 for smooth interface (a;=0,,=0) to
N=9.42 and N,=1.35 for rough interface (a;=a,=1).
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