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Abstract. There have been few analytical research studies to elucidate the effect of a low-permeability soil layer on
the suction-induced seepage flow in the sand layer during the installation of suction caissons in multilayered soils. In
this study, the influence of silt on penetration into the sand layer during suction caisson installation in multilayered
sand and silt was investigated using a classical bearing capacity method. Since sand liquefaction tends to occur
during suction installation, the relationship between suction and penetration was revealed in both preliquefaction and
postliquefaction. The experimental results so far indicated that the unit shaft and base resistances of piles do not
necessarily increase with depth, but instead reach maximum values at a certain critical depth. Thus, the friction
reduction factors along the caisson skirt and the bearing capacity reduction factors at the caisson tip were presented
for installation with both hardening and softening. Furthermore, an analytical procedure for punching shear failure in
the silt layer overlying a sand layer during installation was proposed. For the relationships between suction and
penetration during installation in multilayered sand and silt, a comparison between the results obtained from field and
centrifuge tests and those predicted by the proposed method was carried out.
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1. Introduction

Suction caissons are widely used for foundations and anchors of offshore wind turbines. During
self-weight installation, a caisson penetrates into the seabed via its own weight. During the
installation of suction caissons in sand, suction-induced seepage plays a pivotal role, assisting the
penetration by reducing soil resistance. In practice, the relative density and the stresses in the soil
surrounding the caisson are affected by the installation. The installation effect is assumed to be
insignificant compared with the caisson response under the general loadings. For suction caissons
set on ‘wished-in-place’ in the post-installation, large numbers of research works have been
carried out when the caissons are subjected to the vertical, horizontal, and moment loads, e.g.,
Hirai [1-8]. However, despite their wide use, some issues and uncertainties have been addressed
for installation in layered soils where sands are overlain by low-permeability soils.

For a variety of irregular seabed topography and soil conditions encountered in shallow and
deep seas, most design procedures regarding caisson installation often adopt the assumption of a
homogeneous, isotropic seabed profile; e.g., Erbrich and Tjelta [9], Houlsby and Byrne [10, 11],
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Figure 1. (a) Suction caisson and (b) discretization in nonhomogeneous soil under vertical compressive
load during installation

Senders and Randolph [12], Koteras and Ibsen [13], and Rodriguez et al. [14]. However, to
achieve feasible installation in a complex site that includes soils with a layered profile, it is critical
to investigate the mechanism of how penetration resistance in high-permeability soil is affected by
low-permeability soil.

The effect of a low-permeability soil layer on suction-induced seepage flow in a sand layer is
not clearly understood. There have been very few research studies of caisson installation in layered
soils. By conducting centrifuge tests with an acceleration of 100 g, Tran [15] and Tran et al. [16]
investigated the suction trend during installation in sand layers with interbedded silt layers.
Performing tests in a geotechnical centrifuge such that the stress levels are realistic and relevant to
field conditions, Ragni et al. [17] and Stapelfeldt et al. [18] revealed the mechanism and
characteristics of caisson installation in both clay overlain by sand and sand overlain by clay.
However, there has been little analytical approach to predict the characteristics during the
installation of suction caissons in multilayered sand and low-permeability soil.

In this study, for multilayered sand and silt, the effect of silt layer on suction caisson
installation in sand is investigated analytically using a classical bearing capacity method premised
on yield and failure theories. Because sand liquefaction tends to occur during suction installation,
the relationships between suction and penetration are revealed for installation during both
preliquefaction and postliquefaction. The experimental results performed by Kerisel [19], Vesi¢
[20], the BCP Committee [21], Hanna and Tan [22], and Zhang et al. [23] indicated that the unit
shaft and base resistances of piles do not necessarily increase with depth, but instead reach
maximum values at a certain critical depth and do not increase beyond this depth. Therefore, the
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friction reduction factors along the caisson skirt and the bearing capacity reduction factors at the
caisson tip are presented for installation with both hardening and softening. Since the vertical load
applied to a shallow foundation on the sand layer overlying a clay layer sometimes causes
punching shear failure [24], [25], which breaks through the sand layer into the clay layer, an
analytical procedure of punching shear failure in the silt layer overlying a sand layer during
installation is proposed. For the relationships between suction and penetration during installation
in multilayered sand and silt, a comparison between the results obtained from field and centrifuge
tests and those predicted by the present method was carried out.

Fig. 1(a) shows a cylindrical suction caisson in nonhomogeneous soil during installation. The
geometry of the suction caisson is as follows: the external diameter is D., the internal diameter is
D;, each thickness of the lid and skirt is #, the skirt length is /., and the penetration depth from the
seabed to the skirt tip is /4. A vertical compressive load (V) is applied on the top center of the lid.
The seabed is assumed to comprise the n layers of nonhomogeneous soil with length H,, in the mth
layer. The mb-th soil layer is located under the tip of a caisson. The rectangular Cartesian
coordinate system (x, y, z) on the reference point (0, 0, 0) is arranged such that the z-axis is in the
direction of depth.

Fig. 1(b) shows discretization of a suction caisson and a nonhomogeneous soil subjected to
vertical compressive load on the top of the lid during installation. The vertical force along the mth
discretized element is denoted as Py, which is composed of the internal traction, P;,, and the
external traction, P.., along the caisson wall, i.e., Pyw = Pim + Pewm. The tip of the caisson skirt
experiences the vertical force V., on the mb-th layer.

2. Vertical stress

The configuration of a suction caisson during installation is shown in Fig. 2. Fig. 3 shows the
vertical equilibrium of an internal soil disc with area 4; and depth dz within the skirt.
The equilibrium equation was presented by Janssen [26] as follows

!
da—Zi

dz
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where ¢;; is the effective vertical pressure inside the skirt and
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Figure 2. Configuration of suction caisson during installation
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Figure 3. Vertical equilibrium of soil disc within skirt

4Kstand
p = Hstent @
where Ky is the coefficient of lateral pressure and J is the interface friction angle between the soil
and skirt. Taking into account the effective unit weight of soil, y’, and the excess pore pressure
(suction), s, y;’ is defined as
! 1-

y =y - £ 3)
where a is the pressure factor given by Houlsby and Byrne [11]. The solution of Eq. (1) can be
described as

o'z = vi/ui(eh* — 1) 4)

The effective vertical pressure outside the skirt o’.. was presented by Houlsby and Byrne [11]
as follows

J,ze = Ve,/ﬂe(e#ez - 1) 5
where
4Kqtand
He = 5o ©)

and m is the modification factor, and y.’ is given by taking into account the effective unit weight of
soil and suction as follows

ve=v'+ (7)

3. Yield and base failure

The vertical yield resistance of soil outside skirt Pyy.(z) and that of soil inside skirt Py,(z) per
unit length along the skirt of the suction caisson under a vertical force can be written as follows

Pyye(z) = nKstan § og.D, (8)

Pyyi(z) = nKs tan § 0,;D; 9
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The frictional forces outside and inside the skirt are obtained by the integral of the vertical yield
resistances given by Egs. (8) and (9), respectively, along the penetration depth. Since the silt used
in the experiments conducted by Tran [15] and Tran et al. [16] was assumed to be nonplastic and
noncohesive as well as sand, this assumption is adopted in the present research. For the base
failure of sand and silt subjected to vertical stress, the ultimate base resistance (bearing capacity)
o=, outside the skirt, 0., and that inside the skirt, o.,;, are written as

Ozue = 0.5Y¢tN, + 0, Ny (10)

Ozui = 0.5Y{tN, + oy N, (11)
where N, is the bearing capacity factor given by Michalowski [27] as follows
N, = exp(0.66 + 5.11 tan @) tan ¢ (12)

where N; = K, exp(mtang) is the bearing capacity factor presented by Reissner [28], K, is the
coefficient of the Rankine passive pressure defined as (1+sing)/(1—sing), ¢ is the angle of the
internal friction of soil, and o'». and o' are the effective vertical stresses in the soil outside and
inside the skirt at the level of the caisson tip, respectively. By employing a classical bearing
capacity theory that includes the four factors corresponding to the bearing capacity, shape, depth,
and inclination, Hirai [5, 6, 8] proposed an analytical approach for suction caissons in sand
subjected to vertical, lateral, and moment loads.

Using the buoyant weight of the suction caisson, W., the suctions under the lid and the skirt tip,
the frictional forces inside and outside the skirt, and the bearing capacity on the annulus of the
caisson tip, O, the equilibrium of these forces exerted on the suction caisson during installation
can be written as

R wiihi_
asmt(Dg—D; 1 etijhj _gHijhj-1
W, +> l+ (: g lzmb ’{#——Hj+
ij

(13)

nDZ(m?-1 1, (eteilti_egteij-1
( )Zmb {—# _ — Hj } + Qrip
ej
where /; is the depth of the jth layer’s bottom, and y’;, ¥, pij, and e are y’i, e, i, and p. of the jth
layer, respectively. The bearing capacity Oy is given as follows

Qtip = ontn(D; +D,)/2 (14)

where gz denotes the smaller of the bearing capacities of Egs. (10) and (11).

4. Liquefaction

If the applied suction in the caisson is s with respect to the ambient seabed water pressure, then
the absolute pressure in the caisson is represented as p, + pwhw— s, where p, is the atmospheric
pressure, 7, is the unit weight of water, and 4, is the water depth. Liquefaction tends to occur
during suction installation following self-weight installation. Taking into account the equations
presented by Houlsby and Byrne [11], the relationships between suction and penetration during
both preliquefaction and postliquefaction can be determined using the equilibrium of forces given
by Eq. (13). In particular, the suction is simply related to the penetration for postliquefaction as
follows
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s= (15)
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where a, which is the pressure factor at the tip of the caisson, is given by

alkf

" TTaly D "o

Here, a1, which was proposed by Houlsby and Byrne [11], is the pressure factor; and ks = ki /ke,
which is the ratio of the permeability for the soil inside the caisson, i, to that for the soil outside
the caisson, ke.

Houlsby and Byrne [11] presented a calculation procedure to predict the installation of a
suction caisson in sand. This procedure adopts the modification factor m related to a zone between
diameters D. and D» = mD., where the vertical stress is enhanced due to the action of the
downward friction from the caisson.

5. Vertical friction and bearing capacity

It is known that the unit shaft and base resistances of piles do not necessarily increase with
depth, but instead reach maximum values at a certain critical depth and do not increase beyond this
depth; e.g., Kerisel [19], Vesi¢ [20], the BCP Committee [21], Hanna and Tan [22], and Zhang et
al. [23]. By taking into account this behavior, an investigation into the value of Kstand in Egs. (8)
and (9) will be made, because the unit shaft resistance is obtained from the value of Kstand times
the effective vertical stress. The installation of a suction caisson is achieved by producing a
sequence of the ultimate states where the failure of soil below the skirt tip and the yield of soil
along the skirt occur simultaneously. The movement of a caisson caused by suction installation is
much larger and more complex compared to the displacement of the caisson generated by the
infinitesimal and finite deformations due to external loads. This is the reason why the specific
various assumptions regarding the value of Kstand during installation are needed to predict the
complicated soil behavior during the installation process in layered soils, as will be mentioned
below.

If the penetration of the caisson increases with increasing suction, installation with hardening
(e.g., Pande and Zienkiewicz [29]) occurs. This behavior is attributed to the hardening of soil
during plastic deformation. Experimental results by Tran [15] and Tran et al. [16] suggested that
following the onset of sand liquefaction during installation of suction caissons in sand and silt
layers, the value of Kstand during installation with hardening tends to decrease with increasing
penetration. In this case, the depth of the onset of sand liquefaction is considered to correspond to
the critical depth.

When the suction caisson penetrates into the silt layer overlying a sand layer, the suction often
reaches a peak value at a certain penetration depth during installation with hardening, while the
skirt tip is still in the silt layer. After arriving at the peak of suction, the penetration of the caisson
increases with decreased suction until the tip reaches the sand layer below the silt layer. This is
referred to as installation with softening (e.g., Pande and Zienkiewicz [29]). This behavior is
ascribed to the softening of soil during plastic deformation. The installation of a suction caisson in
layered soils is accompanied by a sequence of softening subsequent to hardening of surrounding
soils. Therefore, it is postulated in the current study that there are three kinds of processes during
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Figure 4. Relationships between penetration and suction schematically shown during installation of
suction caissons through two silt layers in three sand layers

installation of suction caissons in multilayered sand and silt, i.e., (1) Sand hardening, (2) Silt
hardening, and (3) Silt softening.

Fig. 4 illustrates the relationships between penetration and suction schematically shown during
installation of suction caissons through two silt layers in three sand layers. The caisson settles at
point A4 during self-weight installation. The suction installation begins and the caisson tip arrives at
point B of the onset of liquefaction in sand 1. The installation process from point 4 to C causes
hardening in sand 1. The installation from point C to D with a peak value of suction corresponds to
hardening in silt 1. Softening in silt 1 occurs from point D to £ being the surface of sand 2. The
instant that the tip penetrates into sand 2, seepage flow and liquefaction occur because of the
scouring of silt 1. The suction increases again with further penetration from point £ to F' during
hardening in sand 2. Hardening from point F to G in silt 2, softening from point G to H in silt 2,
and hardening from point H in sand 3 occur during installation.

For multilayered sand and silt illustrated in Fig. 4, when the caisson tip penetrates into the
depth of 7 in the k-th soil layer, the value of (Kstand); in the i-th (i < k) soil layer the depth of
which is shallower than or equal to that of the A-th soil layer may be represented in the following
form

(Ks tand); = Fhy, - (Ks tand)y 17)

where Fhk, which is the friction reduction factor at the caisson tip in the k-th soil layer, is equal to
one before sand liquefaction and smaller than one following liquefaction, and (Kstand) is the
value for the i-th soil layer specified initially.

In the following, an investigation into the friction reduction factor, Fhx, is made for the
multilayered sand and silt shown in Fig. 4. To predict the characteristics during installation of
suction caissons in multilayered sand and silt, it is postulated in the present study that (1) During
the installation keeping the caisson tip in the silt layer, no seepage flow occurs because of the low
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permeability of the silt layer. (2) At the instant when the skirt tip penetrates through the silt layer
into the lower sand layer, seepage flow and liquefaction occur due to the scouring of the silt layer.

5.1 The first sand hardening

For the first layer of sand, using Eq. (17), the value of Kstand at the caisson tip in the first layer
of sand during installation with hardening, (Kstand)x1, may be assumed as follows

(Ks tand) . = Fhy (Kgtand)y (k= 1) (18)

Fhy = Khy, (k=1) (19)

where Khm is the friction factor at the caisson tip in the first layer of sand during installation with
hardening, as will be mentioned below.

The experimental results of suction caissons provided by Tran [15] and Tran et al. [16]
suggested that the friction factor tends to reduce with increasing penetration and suction during
installation with hardening in sand and silt layers following sand liquefaction. From taking into
account this behavior, a simple form of the friction factor, Khm, at the caisson tip following
liquefaction in the first layer of sand may be inferred as follows

Khye= 2201 -pA~ )} (k=1) (20)

where 512 and A1z are the suction and the depth at the onset of liquefaction in the first layer of sand,
respectively, s1 and 4 are the suction and the penetration at the caisson tip following liquefaction
in the first layer of sand, respectively, and £ is a hardening constant.

The experimental data given by Tran [15] and Tran et al. [16] indicated that during installation
of suction caissons in sand and silt layers, hardening develops until the caisson tip reaches the
peak of suction in the silt layer, i.e., until punching shear failure occurs, as will be mentioned
below. This leads to the inference that installation with hardening in sand and silt layers following
sand liquefaction may induce a reduction in the bearing capacity on the caisson tip in sand and silt
layers, as mentioned above for the base resistance of piles.

Thus, the bearing capacity on the caisson tip during installation with hardening in the first layer
of sand, which is expressed as o..m, may be inferred in a simple form employing the friction
reduction factor Fh; given by Egs. (19) and (20) as follows

Ogunk = feaKO (K =1) (21)
fouk = exp(Fh — 1)  (k=1) (22)
where fam1 is the bearing capacity reduction factor on the caisson tip in the first layer of sand.

5.2 The first silt hardening

Using Eq. (17), the value of Kstand at the caisson tip in the second layer of silt during
installation with hardening subsequent to installation with hardening in the first layer of sand,
which is written as (Kstand)q», may be assumed in a simple form as follows

(KS taTlS)Hk = Fhk ' (KS tan(S)kN (k = 2) (23)
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Fhy = Khy, (k=2) (24)

where the friction factor, KAm, at the caisson tip in the second layer of silt during installation with
hardening after liquefaction in the first layer of sand may be represented as follows

- hx-
Khy = <251 - B~ )] (k=2) (5)

where 52 and /4 are the suction and the penetration at the caisson tip in the second layer of silt,
respectively.

Accordingly, the bearing capacity on the caisson tip during installation with hardening in the
second layer of silt, which is expressed as o..x», may be assumed utilizing the friction reduction
factor Fh, given by Eq. (24) as follows

Opunk = [eukOm (k=2) (26)

fenk = exp(Fh —1) (k= 2) 27

where fam is the bearing capacity reduction factor on the caisson tip in the second layer of silt.
The peak suction and the depth at the peak suction in the second layer of silt during installation
with hardening are denoted by s2r and h2p, respectively.

5.3 The first silt softening

The value of Kstand at the caisson tip during installation with softening in the second layer of
silt subsequent to installation with hardening in the second layer of silt, which is represented as
(Kstand)s», may be assumed in a simple form as follows

(Ks tand) g, = Fhy - (Kstan®)gy ~ (k = 2) (28)

Fhy = Khgy - Khyyp (k=2) (29)

where Khs», which is the friction factor at the caisson tip in the second layer of silt during
installation with softening, will be presented below, and Khamp is given by Eq. (25) with 52 = s2p
and /2 = hap.

The experimental results of suction caissons provided by Tran [15] and Tran et al. [16]
suggested that Khs> in Eq. (29) during installation with softening tends to decrease with increasing
penetration and decreasing suction. From considering this behavior, a simple form of KAs, may be
inferred as follows

hkp Sk
Khee = 1-¢(1 5225 (e =2) (30)
where {'is a softening constant.

The experimental data given by Tran [15] and Tran et al. [16] indicated that during installation
with softening in the silt layer overlying a sand layer, sand liquefaction tends to occur inside skirts
when the caisson tip reaches the sand layer below the silt layer. In this case, the bearing capacity
on the caisson tip in the silt layer decreases and eventually reaches zero due to liquefaction of the
underlying sand. Taking into account this behavior, the bearing capacity on the caisson tip in the
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second layer of silt during installation with softening, which is written as o:,s2, may be assumed
utilizing the friction reduction factor £/, given by Eq. (29) in a simple form as follows

Ozusk = fpskO (kK =2) €1y
hxg — h
fosk = o Fhi (k=2) (32)
kB kP

where f3s» is the bearing capacity reduction factor on the caisson tip in the second layer of silt and
has is the depth from the seabed to the bottom of the second layer of silt. The suction at the bottom
of the second layer of silt is denoted by s25.

5.4 The second sand hardening

The value of Kstand at the caisson tip in the third layer of sand during installation with
hardening subsequent to installation with softening in the second layer of silt, which is written as
(Kstand)y3, may be assumed in a simple form as follows:

(KS taTlS)Hk = Fhk ' (KS tan(S)kN (k = 3) (33)

Fhy = Khyy - Khs-1yp * Khug-1p (k= 3) (34)

where Khs»s is given by Eq. (30) with s2 = s25 and s> = /28, and similarly to Eq. (20) for the first
sand hardening, Khms is represented by

Khue = 221 = p(1 = 32)}  (k=3) (33)

where s3. and /3. are the suction and the depth at the onset of liquefaction in the third layer of
sand, respectively, and s3 and 43 are the suction and the penetration at the caisson tip following
liquefaction in the third layer of sand, respectively.

The bearing capacity on the caisson tip during installation with hardening in the third layer of
sand, which is expressed as o..x3, may be assumed utilizing the friction reduction factor Fhs; given
by Eq. (34) as follows

Ozutik = [BukOzu (kK =3) (36)

feuk = exp(Fh —1) (k= 3) (37

where fau3 is the bearing capacity reduction factor on the caisson tip in the third layer of sand.
5.5 The second silt hardening
Using Eq. (17), the value of Kstand at the caisson tip in the fourth layer of silt during

installation with hardening subsequent to installation with hardening in the third layer of sand,
which is written as (Kstand)qs, may be assumed in a simple form as follows

(KS tan6)Hk = Fhk ' (KS tan6)kN (k = 4) (38)

Fhy = Khyy * Khs-2y8 * Khuyge-2p (kK =4) (39)
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where the friction factor, KA, at the caisson tip in the fourth layer of silt during installation with
hardening may be represented similarly to Eq. (25) for the first silt hardening as follows
hk-1yL

1-pa- ="y k=4 (40)
k

S(k-1)L

Kth = Sk

where s4 and A4 are the suction and the penetration at the caisson tip in the fourth layer of silt,
respectively.  The bearing capacity on the caisson tip during installation with hardening in the
fourth layer of silt, which is expressed as o..z4, may be assumed utilizing the friction reduction
factor Fh4 given by Eq. (39) as follows

Opunk = [eukOzm (kK =4) 41

fonk = exp(Fhye = 1) (k= 4) (42)

where far4 is the bearing capacity reduction factor on the caisson tip in the fourth layer of silt.
The peak suction and the depth at the peak suction in the fourth layer of silt during installation
with hardening are denoted by s4r and A4p, respectively.

5.6 The second silt softening

The value of Kstand at the caisson tip during installation with softening in the fourth layer of
silt subsequent to installation with hardening in the fourth layer of silt, which is represented as
(Kstand)ss, may be assumed in a simple form as follows:

(KS tan6)5k = Fhk ' (KS tan6)kN (k = 4) (43)

Fhy = Khgy - Khykp * Khs-2y8 * Khuyge-2p (k= 4) (44)

where Khss, which is the friction factor at the caisson tip in the fourth layer of silt during
installation with softening, will be presented below, and Khmsp is given by Eq. (40) with s4 = sap
and A4 = hap.

Similarly to Eq. (30) for the first silt softening, a simple form of Khss may be inferred as
follows

hip Sk
Khg, = 1-¢(1 ———— k=4
5= 1= -T2 (k=4 (43)

The bearing capacity on the caisson tip during installation with softening in the fourth layer of
silt, which is written as .54, may be assumed utilizing the friction reduction factor Fh4 given by
Eq. (44) in a simple form as follows

Ozusk = fBskOzu (k=4) (46)
hgg — h
fosk =3 o—p Fhie  (k=4) (47
kB kP

where fBs4 is the bearing capacity reduction factor on the caisson tip in the fourth layer of silt and
hap is the depth from the seabed to the bottom of the fourth layer of silt. The suction at the bottom
of the fourth layer of silt is denoted by s45.
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5.7 The third sand hardening

The value of Kstand at the caisson tip in the fifth layer of sand during installation with
hardening subsequent to installation with softening in the fourth layer of silt, which is written as
(Kstand)xs, may be assumed in a simple form as follows

(KS tand) Hk=Fhk- (KS tand)kV (#=5) (48)

Fhy, = Khy - KhS(k—l)B 'KhH(k—l)P ’ KhS(k—B)B 'KhH(k—3)P (k=15) (49)

where Khssp is given by Eqs. (45) with s4 = s45 and /4 = h4s, and similarly to Eq. (20) for the first
sand hardening, Khus is represented by

h
Khyye = %{1 B35 (k=5) (50)

where ss. and As.. are the suction and the depth at the onset of liquefaction in the fifth layer of sand,
respectively, and ss and As are the suction and the penetration at the caisson tip following
liquefaction in the fifth layer of sand, respectively.

The bearing capacity on the caisson tip during installation with hardening in the fifth layer of
sand, which is expressed as o..xs5, may be assumed utilizing the friction reduction factor Fhs given
by Eq. (49) as follows

Ogunk = feukOu (kK =05) (51)

fenk = exp(Fh — 1) (k =5) (52)

where f5rs is the bearing capacity reduction factor on the caisson tip in the fifth layer of sand.

For further installation of a suction caisson into the k-th soil layer (6 < k) in multilayered sand
and silt, similarly to Egs. (24), (29), (34), (39), (44), and (49), the friction reduction factor, Fhx, on
the caisson tip in the £-th soil layer can be determined combining by multiplication of the friction
factors, Khuj and Khsj (j < k).

Consequently, new findings can be described as follows: For installation of suction caissons in
multilayered sand and silt, the value of (Kstand); obtained from Eq. (17) in the i-th soil layer which
is shallower than the 4-th soil layer is attributed to the friction reduction factor, F#y, at the depth 4
of the caisson tip in the k-th soil layer, which is given by Egs. (24), (29), (34), (39), (44), and (49)
in the case of three sand and two silt layers, for example.

6. Punching shear failure

Shallow foundations resting on a sand layer overlying a clay layer can sometimes break
through the sand layer into the clay layer; e.g., Hanna and Meyerhof [24] and Okamura et al. [25].
This is known as punching shear failure. Similarly to the shallow foundations mentioned above,
the experimental results obtained by Tran [15] and Tran et al. [16] indicated that a suction caisson
that penetrates into the silt layer overlying a sand layer can break through the silt layer into the
sand layer; i.e., punching shear failure can occur.
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Figure 5. Relevant forces acting on the silt block assumed below the tip of suction caisson when punching
shear failure occurs

Fig. 5 shows relevant forces acting on the silt block assumed below the tip of a suction caisson
when punching shear failure occurs. According to the method proposed by Okamura et al. [25],
equilibrium of the forces exerted on the silt block leads to the following

Qsite = 2Fs + Ry — (Le — W)yt (33)

where QOsir is the ultimate vertical capacity on the silt block per unit length along the circumference
and

F; = (Ly — MpyKpotane, (54)
Py = ¥1l1 +v2{0.5(L; + h) — L} (55)
Rp = qpst (56)

qr3 = 0.5y3tNy3 + poNg3 (57)

Po = Vil +v3L; (58)

where L; and L are the thicknesses of sand 1 and silt 1, respectively, and L= Li + Ly; Ky is the
coefficient of the Rankine passive pressure defined as (1+sing»)/(1—sing2); @1, @2, and @3 are the
angles of internal friction of sand 1, silt 1, and sand 2, respectively; yi', 72', and y3’ are the effective
unit weights of sand 1, silt 1, and sand 2, respectively; Ny3is the bearing capacity factor of sand 2
given by Michalowski [27]; and Ng3 is the bearing capacity factor of sand 2 presented by Reissner
[28]. Eventually, the ultimate vertical capacity on the silt block in the silt layer overlying a sand
bed under punching shear failure, Os, is represented as follows

@y = Qsiem(D; + D) /2 (59)
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The bearing capacity of the suction caisson in the silt layer, Oy given by Eq. (14) satisfies Eq.
(13) which represents the equilibrium of forces exerted on a suction caisson. Furthermore,
equating Eq. (14) to Eq. (59), the penetration /4 and the suction s can be determined when punching
shear failure occurs.

7. Numerical results

In many previous studies, laboratory and field tests have been carried out by assuming
homogeneous soils in an attempt to mitigate problems related to the installation of suction caissons
in real complex soil profiles. In contrast, there have been few experimental studies relevant to the
installation of suction caissons in nonhomogeneous and layered soils. The validity of the
procedure described in the present paper will be demonstrated by employing a limited number of
tests from the literature to investigate the installation of suction caissons in sand and silt layers.
Several illustrative examples are considered, and a comparison is made between the results from
previous tests and those from the proposed method, as shown below. Most of the material
constants presented in Tables 1-3 shown below were selected by calibrating the constants
to match the simulated results with the experimental results.

7.1 Homogeneous sand

Kasuya et al. [30] examined the characteristics of the suction caisson installation in sand
utilizing field tests. The installation tests included two suction caissons (named Caissons 1 and 2)
in a medium dense sand; the dimensions of caissons and the properties of sands used in the tests
are shown in Table 1. The buoyant unit weight of the caissons is y.’ = 68 kN/m>. The submerged
unit weight of the soil is denoted by ypsu»’. The parameter (Kstand)iv shown in Eq. (17), which
depends on the angle of internal friction of soil, is obtained from the values given by Poulos and
Davis [31]. Through calibration using simulation and test data, the modification factor m is
assumed to be m = 1.46. The installation was conducted with a penetration rate of 1.5 mm/s.

Fig. 6 shows the penetration produced by the penetration load during the installation of
Caissons 1 and 2. The penetration load Pr was defined as the sum of the buoyant weight of the
caisson and the suction load applied below the internal lid area. It is predicted for Caisson 1 that
during self-weight installation, the caisson reaches a penetration load (Pr) of 37.3 kN and
penetration (4) of 0.53 m; suction installation is initiated and liquefaction occurs at Pr = 81.0 kN
and 4 = 1.75 m. The predicted penetration increases linearly with penetration load, while the slope
of the predicted curve during postliquefaction is slightly less than that during preliquefaction. It is
predicted for Caisson 2 that the caisson settles down during self-weight installation at P = 33.1
kN and 4 = 0.43 m; liquefaction occurs at Pr. = 115 kN and /# = 1.92 m during suction installation.
Good agreement is found between the observed and calculated values.

Houlsby and Byrne [11] presented a design procedure for installation of suction caissons in
homogeneous sands and comparison was made with case records shown in Figs. 7-10 reported so
far. In the current study, to simulate the above reported results, the caisson dimensions and sand
properties in field tests are provided in Table 1. The value of (Kstand)v is deduced from the
relationships between (Kstand)v and the angle of internal friction adduced by Poulos and Davis
[31]. Calibrating the parameters used to match the simulated results with the experimental results,
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Table 1. Caisson dimensions and sand properties in field tests

Caisson Accel- ,
Test name D; he t mass M, cration 0] Vsub (Kstand)v ~ f ky
(m) (m) (mm) (Mgrams) (g-level) (°) (kKN/m?)
Caisson 1 1.8 4.6 19 3.72 1 36.6 9.0 0.5 00 1.0
Caisson 2 23 3.0 19 3.38 1 36.6 9.0 0.5 00 1.0
Tenby 20 20 8 1.02 1 40.0 8.5 1.0 0.0 20
Sandy Haven 4.0 2.5 20 10.2 1 40.0 8.5 1.0 00 1.0
Draupner E~ 12.0 6.0 45 676 1 44.0 8.5 1.4 0.0 3.0
Sleipner T 150 50 45 1224 1 450 8.5 1.5 0.0 3.0
350
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Figure 6. Penetration produced by penetration load during installation of Caissons 1 and 2

the modification factor m is taken to be m = 1.46, and the values of the initial ratio of the
permeability krare presented in Table 1.

Fig. 7 shows the penetration produced by suction during installation for the test name of Tenby
presented by Houlsby and Byrne [11] in Table 1. It is predicted that the caisson reaches 2 = 0.22 m
during self-weight installation, suction installation commences, and liquefaction occurs at s = 11.2
kPa and # = 0.80 m.

Fig. 8 shows the penetration produced by suction regarding the test named Sandy Haven
presented by Houlsby and Byre [11] in Table 1. The prediction indicates that the caisson settles
down during self-weight installation at # = 0.44 m, suction installation starts, and liquefaction
occurs at s = 19.0 kPa and 2= 1.70 m.

Fig. 9 shows the penetration produced by suction for Draupner E described by Tjelta et al. [32,
33] in Table 1. It is predicted that the caisson arrives at # = 1.80 m during self-weight installation,
and liquefaction occurs at s = 74.1 kPa and 4 = 4.20 m during suction installation.
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Figure 8. Penetration produced by suction during installation of Sandy Haven

Fig. 10 shows the penetration produced by suction about the test name of Sleipner T reported
by Bye et al. [34] and Lacasse [35] in Table 1. The prediction indicates that the caisson settles
down during self-weight installation at # = 2.15 m; and liquefaction occurs at s = 88.3 kPa and 4 =
4.88 m during suction installation.

Figs. 7-10 reveal that the predicted penetration increases linearly with suction and that the slope
of the predicted curve during postliquefaction is less than that during preliquefaction. Good
agreement is found between the measured and predicted values.

Tran [15] and Tran et al. [16] carried out installation tests using a geotechnical centrifuge for
suction caissons in sand and silt layers. Two types of soil, namely, silica sand and silt, were
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Figure 10. Penetration produced by suction during installation of Sleipner T

assumed to be nonplastic and noncohesive. In particular, the angle of internal friction of the silt
employed in these tests was often higher than that of the sand. Since cone penetration tests (CPTs)
for different soil profiles in tests were conducted, the angle of internal friction and (Kstand)iv
specified initially for sands and silts in each soil profile can be deduced by using the relevant
correlations between CPT parameters presented by Schmertmann [36], Poulos and Davis [31],
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Table 2. Caisson dimensions and sand properties in laboratory tests

Caisson mass Accel- (Ks

Testname  D; he M. eration Vsub tand)y B Ky
(mm) (mm) (mm) (grams)  (g-level) (°) (kKN/m?)
$:60(050-50 60 60 030 50 100 43 10 18 0512 15
3'6%%5)' 60 60 030 150 100 43 10 18 0512 1.0
S1g-100-
T 100 100 050 260 4310 18 0343 20
S1g-100-
W 100 100 050 260 14310 18 055 60
Slg'7g'260' 70 140 035 260 1M 10 18 046 20
Slg—71£)—260- 70 140 035 260 14310 18 0685 12,0

Robertson and Campanella [37], Kulhawy and Mayne [38], Jamiolkowski et al. [39], and Mayne
[40]. The experimental results provided by Tran [15] and Tran et al. [16] are adopted in the caisson
installation analysis shown below.

The caisson dimensions and properties of the homogeneous sand in the installation tests
described by Tran [15] and Tran et al. [16] are specified in Table 2. The tests named S-60(0.5)-50
and S-60(0.5)-150 belong to the installation tests with an acceleration of 100 g, where the
installation was conducted with a penetration rate (PR) of 0.1 mm/s. The following tests, namely,
S1g-100-260-S with PR = 0.3 mm/s, S1g-100-260-F with PR = 6.5 mm/s, S1g-70-260-S with PR
= 0.5 mm/s, and S1g-70-260-F with PR = 11 mm/s, are among the 1 g installation tests, where the
end letters of S and F in the test names indicate slow and fast installations, respectively. The
permeabilities of the silica sand and silt are approximately 1.0x10* m/s and 1.3x10° m/s,
respectively. The experimental results given by Tran [15] indicate that the initial ratios of the
permeability kr of S1g-100-260-F and S1g-70-260-F are 5.3 and 10.6, respectively; thus, the high
values of kr = 6.0 and 12.0 are adopted for S1g-100-260-F and S1g-70-260-F in the present
simulation, respectively. The modification factor m is assumed to be m = 1.46 through calibration
between the simulation and experimental results, and this value is adopted in the following
prediction.

Fig. 11 shows the penetration and hydraulic gradient along the inner caisson wall produced by
suction for the S-60(0.5)-50 and S-60(0.5)-150 tests in Table 2. For the prediction of S-60(0.5)-50,
the caisson reaches a normalized penetration (NP) of 0.084 during self-weight installation. The
suction installation is started, and liquefaction occurs at the point of a normalized suction (NS) of
0.4 and NP = 0.25. The test results show that the hydraulic gradient i during suction installation is
developed as follows: first, a rapid increase in i occurs up to the onset of liquefaction given by i =
0.97, and then a relatively stable i ensues during the remaining installation. Furthermore, for the
prediction of S-60(0.5)-150, the caisson reaches NP = 0.161 during self-weight installation.
Liquefaction occurs at NS = 0.45 and NP = 0.34 during suction installation. The predicted
penetration increases linearly with suction, and the slope of the predicted curve during
postliquefaction is distinct from that during preliquefaction. Good agreement is found between the
measured and calculated values.
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Figure 12. Penetration produced by suction during slow and fast installations when skirt length to
diameter ratio is one

Fig. 12 shows the penetration produced by suction for the S1g-100-260-S and S1g-100-260-F
tests in Table 2. For S1g-100-260-S, the caisson settles down during self-weight installation at NP
= 0.09. The suction installation is slow, and liquefaction occurs at NS = 0.46 and NP = 0.25. For
S1g-100-260-F, the caisson reaches NP = 0.09 during self-weight installation. The suction
installation is fast, and liquefaction occurs at NS = 0.83 and NP = 0.23. The penetration predicted
for the above two tests increases linearly with suction, and the slope of the predicted curve for
postliquefaction is distinct from that for preliquefaction. For the effect of the installation rate on
the suction in homogeneous sand, the faster the installation rate is, the greater the suction at the
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Figure 13. Penetration produced by suction during slow and fast installations when skirt length to
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onset of liquefaction. Although the present method cannot capture some of the detail at the
beginning of suction loading, the broad trend of the installation tests is predicted overall.

Fig. 13 shows the penetration produced by suction for the S1g-70-260-S and S1g-70-260-F
tests in Table 2. For S1g-70-260-S, the caisson reaches NP =0.169 during self-weight installation.
The suction installation starts slow, and liquefaction occurs at NS = 0.56 and NP = 0.33. For S1g-
70-260-F, the caisson settles down during self-weight installation at NP = 0.169. The suction
installation starts fast, and liquefaction occurs at NS = 1.52 and NP = 0.254. A comparison
between the measured and predicted values of installation shows good agreement.

7.2 Sand and silt layers

Tran [15] and Tran et al. [16] conducted many installation tests, such as normal gravity (1 g)
and centrifuge tests with an acceleration of 100 g for suction caissons in soil profiles where sand is
overlain by a surficial layer of silt and sites where sand is interlayered by one or more bands of
silt. The caisson dimensions and sand and silt properties used in installation tests named by Tran
[15] and Tran et al. [16] are presented in Table 3. The angle of the internal friction of soil, ¢, is
deduced from the relationship among the cone tip resistance, depth, and relative density in
experimental results, as mentioned above. The installation was carried out with PR= 0.1 mm/s.
Tran [15] and Tran et al. [16] revealed that the scouring of silt along the inner wall in silt overlying
sand induces the occurrence of the upward seepage flow in the silt layer. This suggests that the
suction installation penetrating through the silt layer into a sand layer allows an upward seepage
gradient to develop in the silt layer overlying the sand layer.

Fig. 14 shows the penetration produced by suction for the 1 m top silt-50 and 1 m top silt-150
tests in Table 3, where sand is overlain by a surficial layer of silt. For 1 m top silt-50, the caisson
penetrates up to NP = 0.128 during self-weight installation. The suction installation starts with
hardening in the silt layer, and the caisson tip arrives at the point of NS = 0.157 and NP =0.167 on
the silt-sand interface. With increasing suction, liquefaction occurs at NS = 0.37 and NP = 0.27.
For 1 m top silt-150, the caisson during self-weight installation reaches NP = 0.19, which is in the
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Table 3. Caisson dimensions and sand-silt properties in centrifuge tests

Imtop 1mtop 0.8mdeep 0.8mdeep 2 m deep 2 silt layers-

Test name silt-50  silt-150 _silt-50 silt-150  silt-150 50
Caisson D; (mm) 60 60 60 60 60 60
he (mm) 60 60 60 60 60 60
¢t (mm) 0.3 0.3 0.3 0.3 0.3 0.3
Mass M. 5 150 50 150 150 50
(grams)
Acceleration  g-level 100 100 100 100 100 100
Sand 1 0 (°) - - 43 43 38 41
ysup’ (KN/m?)  — - 10 10 10 10
(Kstand)y ~ — - 1.8 1.8 1.0 1.0
ﬂ — — — — — —
ky - - 1.5 1.5 1.5 1.5
Silt 1 0(°) 40 40 49 49 40 49
you' (KN/m3) 10 10 10 10 10 10
(Kstand)wy 1.0 1.0 1.8 1.8 1.0 1.8
¢ - - 0.288 0.024 0.062 0.0
Sand 2 o(°) 43 43 43 43 42 43
ysup’ (KN/m?) 10 10 10 10 10 10
(Kstand)y 1.8 1.8 1.8 1.8 1.0 1.8
f 0.0 0.0 0.0 0.0 0.0 0.26
kr 1.0 1.0 variable variable variable variable
Silt 2 0(°) - - - - - 49
ysup’ (KN/m?)  — - - - - 10
(KS tan(S),-N - - - - - 1.8
c - - - - - -1.71
Sand 3 o(°) - - - - - 43
Ysun' (RN/M?) - — - - - - 10
(KS tan&),-N — — - — — 1.8
B - - - - - 0.26
kr - - - - - variable

sand layer. Suction installation begins, and liquefaction occurs at NS = 0.45 and NP = 0.34. For
the above two tests, the predicted penetration increases linearly with suction, and the slope of the
predicted curve during postliquefaction is different from that during preliquefaction, except that
the simulated curve of the installation during preliquefaction in the 1 m top silt-50 test shows
nonlinearity. For the 1 m top silt-50 test, the experimental result was indicative of the
occurrence of punching shear failure during the initial suction installation. However, the
predicted results could not describe the feature of the punching shear failure. Although the
present method cannot capture some of the details of suction installation, the broad trends of the
tests can be predicted overall.

Fig. 15 shows the penetration produced by suction regarding the tests of 0.8 m deep silt-50 and
0.8 m deep silt-150 in Table 3, where the silt layer below a thin upper sand surface is overlying a
lower sand layer. For the prediction of 0.8 m deep silt-50, the caisson penetrates up to NP = 0.084
during self-weight installation. The suction installation is started, and the tip arrives at the point of
NS =0.12 and NP = 0.133 on the sand-silt interface. With penetration of the tip into the silt layer
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Figure 14. Penetration produced by suction when sand layer is overlain by surficial layer of silt

due to the suction installation, hardening develops in the silt layer, and the tip arrives at the peak
point of NS = 2.47 and NP = 0.2, where punching shear failure arises. After reaching the peak of
suction, softening occurs, and the tip arrives at a point on the silt-lower sand interface, which is
given by NS = 0.6 and NP = 0.3. During the installation that keeps the caisson tip in the silt layer,
no seepage flow can be assumed because of the low permeability of the silt layer. At the instant
that the skirt tip penetrates through the silt layer into the lower sand layer, seepage flow and
liquefaction occur because of the scouring of the silt layer. Then the suction increases again with
further penetration. For the prediction of 0.8 m deep silt-150 in Fig. 15, the caisson tip reaches the
sand-silt interface at NP = 0.133 during self-weight installation. Then, suction installation is
commenced. As the installation proceeds, hardening develops in the silt layer, and the tip arrives at
the peak point of NS = 1.87 and NP = 0.2, where punching shear failure occurs. Following the
peak of suction, softening ensues, and the skirt tip reaches the point of NS = 0.521 and NP = 0.3 at
the silt-lower sand interface. The instant that the caisson tip penetrates through the silt layer into
the lower sand layer, seepage flow and liquefaction occur. Finally, the suction increases with
increased penetration.

Fig. 16 shows the penetration produced by suction regarding the test of 2 m deep silt-150 in
Table 3, where the silt layer below a thick upper sand surface is overlying a lower sand layer.
Taking into account the lower relative density of 60% of the sand above the silt from experimental
results, the angle of internal friction and (Kstand)iv of soils were determined. The results indicate
that the caisson settles down during self-weight installation at NP = 0.285 in the upper sand layer.
The suction installation is started, and the tip arrives at the point of NS = 0.142 and NP = 0.333 at
the sand-silt interface. When penetrating the tip into the silt layer, hardening develops in the silt
layer and the tip arrives at the peak point of NS = 2.04 and NP = 0.46, where punching shear
failure arises. After reaching the peak of suction, softening appears and the tip reaches a point at
the silt-lower sand interface, which is given by NS =0.9 and NP = 0.5. During the suction
installation in the silt layer, no seepage flow is assumed because of the low permeability of the silt
layer. The instant that the skirt tip penetrates through the silt layer into the lower sand layer,
seepage flow and liquefaction occur because of the scouring of the silt layer. Then the suction
increases again with further penetration.
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Fig. 17 shows the penetration produced by suction regarding the 2 silt-layers-50 test in Table 3,
where the soil profile consists of two silt layers and three sand layers. In this case, the caisson
settles at NP = 0.13 during self-weight installation. The suction installation begins, and the tip
arrives at the point of NS = 0.07 and NP = 0.167 at sand 1-silt 1 interface. With the penetration of
the skirt tip into silt 1, hardening develops and the tip arrives at the peak point of NS = 1.38 and
NP = 0.184 in silt 1, where punching shear failure occurs. After reaching the peak of suction,
softening ensues and the tip reaches a top point of sand 2, which is given by NS = 0.4 and NP =
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Figure 17. Penetration produced by suction during installation through two silt layers in three sand layers

0.25. The instant that the tip penetrates into sand 2, seepage flow and liquefaction occur because of
the scouring of silt 1. Then, the suction increases again with further penetration, and the tip arrives
at the point of NS = 0.8 and NP = 0.5 at sand 2-silt 2 interface. As the suction installation
proceeds, hardening develops and the tip arrives at the peak point of NS = 2.05 and NP = 0.58 in
silt 2, where punching shear failure occurs. Following the peak of suction, softening appears, and
the skirt tip reaches the point of NS = 1.25 and NP = 0.667 at silt 2-sand 3 interface. Finally, the
instant that the tip penetrates into sand 3, seepage flow and liquefaction occur because of the
scouring of silt 2. Following this, the suction increases again with further penetration. During the
installation with softening from point 4 to B in silt 2, the softening constant { takes a negative
value which is different from the positive values deduced from the installation with softening in
silt 1 in Fig. 17 and the silt layers in the other tests shown in Table 3. This is because since
(Kstand)ss of Eq. (43) in the fourth layer of silt during installation with softening needs to have a
large value to satisfy the equilibrium provided by Eq. (13), the softening constant { in the friction
factor of the fourth layer of silt given by K#ss of Eq. (45) eventuates in the negative value.

Figs. 14-17 indicate that although the present method cannot capture some of the details during
the installation of suction caissons in sand and silt layers, the broad trend of the centrifuge tests
can be predicted overall.

In case that the present classical bearing-capacity formulation is extended to plastic/cohesive
low-permeability layers, a further developed investigation is needed by overcoming the several
limitations of nonplastic and noncohesive soils assumed in the current paper.

8. Conclusions
An analytical investigation was carried out using a classical bearing capacity approach to

elucidate the characteristics of installation of suction caissons in multilayered sand and silt. The
conclusions are summarized as follows:



Analysis of installation of suction caissons in multilayered sand and silt using... 163

* Considering the occurrence of sand liquefaction during suction installation of caissons, the
relationships between the suction and the penetration were revealed analytically for both
preliquefaction and postliquefaction.

» Taking into account the characteristics of the unit shaft and base resistances of suction caissons
during installation, the friction reduction factor along the caisson skirt and the bearing capacity
reduction factor on the caisson tip were proposed for installation with both hardening and
softening in multilayered soils.

* For the punching shear failure induced by the installation of a suction caisson in the silt layer
overlying a sand layer, an analytical procedure using the equilibrium of forces exerted on the silt
block was presented.

* Regarding the relationships between the suction and penetration in multilayered sand and silt
during installation, good agreement was found between the results obtained from field and
centrifuge tests and those predicted by the present method.
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Nomenclature

Romans

a

A;
D,
D;
foik
fBsk
Fhy
h

he

hi
his
It
hip
hy
Hy
ke

ki

ky
Khp
Khgi
K,
Ks
(Kstano)x
(Kstand)y
Ly

Qsil t
Qtip
N

Sk
SkB

Pressure factor at tip of caisson, Eq. (16)

Pressure factor by Houlsby and Byrne

Area of internal soil disc

External diameter

Internal diameter

Bearing capacity reduction factor on caisson tip in the £-th layer during hardening, Eq. (22)
Bearing capacity reduction factor on caisson tip in the £-th layer during softening, Eq. (32)
Friction reduction factor at caisson tip in the £-th soil layer, Eq. (17)
Penetration depth from seabed to skirt tip

Skirt length

Penetration at caisson tip in the k-th layer

Depth from seabed to bottom of the k-th layer

Depth at onset of liquefaction in the k-th layer

Depth at peak suction in the &-th layer

Water depth

Thickness of the m-th layer

Permeability of soil outside caisson

Permeability of soil inside caisson

Permeability ratio

Friction factor at caisson tip in the k-th layer during hardening, Eq. (20)
Friction factor at caisson tip in the k-th layer during softening, Eq. (30)
Coefficient of Rankine passive pressure

Coefficient of lateral pressure

Value for the i-th soil layer during installation, Eq. (17)

Value for the -th soil layer specified initially, Eq. (17)

Thickness of the k-th layer

Modification factor

Soil layer under tip of caisson

Number of layers of nonhomogeneous soil

Bearing capacity factor by Reissner

Bearing capacity factor of the 4-th layer by Reissner

Bearing capacity factor by Michalowski, Eq. (12)

Bearing capacity factor of the k-th layer by Michalowski
Atmospheric pressure

External vertical traction along the m-th element

Internal vertical traction along the m-th element

Penetration load

Vertical force along the m-th element

Vertical yield resistance of soil outside skirt, Eq. (8)

Vertical yield resistance of soil inside skirt, Eq. (9)

Ultimate vertical capacity on silt block, Eq. (59)

Ultimate vertical capacity on silt block per unit length, Eq. (53)
Bearing capacity on annulus of caisson tip, Eq. (14)

Excess pore pressure (suction), Eq. (15)

Suction at caisson tip in the k-th layer

Bottom suction in the -th layer



SkL

Skp
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Vmb

We

(x, y 2)

Greeks

B

’

Y

v’
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s s
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Suction at onset of liquefaction in the &-th layer
Peak suction in the k-th layer

Thickness of the lid or skirt

Vertical compressive load

Vertical force on the mb-th layer

Buoyant weight of suction caisson

Rectangular Cartesian coordinate system

Hardening constant, Eq. (20)
Effective unit weight of soil
Buoyant unit weight of caisson
Effective unit weight of external soil
Effective unit weight of internal soil

Viin P eis Wijs eV is ¥ es tis te OF the jth layer

Vsub ’
Yw

)

¢

He

Ui
U'be
o'pi
O
0%
O-Zu
Ozue
OzuHk
Ozui
OzuSk

®
Dk

Subscripts

N gz WS

Submerged unit weight of soil

Unit weight of water

Interface friction angle between soil and skirt

Softening constant, Eq. (30)

Vertical pressure factor outside skirt, Eq. (6)

Vertical pressure factor inside skirt, Eq. (2)

Effective vertical stresses in soil outside skirt tip, Eq. (10)

Effective vertical stresses in soil inside skirt tip, Eq. (11)

Effective vertical pressure outside skirt, Eq. (5)

Effective vertical pressure inside skirt, Eq. (4)

Smaller of bearing capacities, Eq. (14)

Ultimate base resistance (bearing capacity) outside skirt, Eq. (10)

Bearing capacity on caisson tip during hardening in the £-th layer, Eq. (21)
Ultimate base resistance (bearing capacity) inside skirt, Eq. (11)

Bearing capacity on caisson tip during softening in the k-th layer, Eq. (31)
Angle of internal friction of soil

Internal friction angle of soil of the &-th layer

Block

Bearing capacity or Bottom
External
Hardening
Internal

K-th layer
Liquefaction
Natural

Peak

Softening
Ultimate

Vertical direction
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Acronyms

NP Normalized penetration
NS Normalized suction

PR Penetration rate
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