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Abstract

Suction caisson foundations are often subjected to vertical uplift loads, but there are still no wide and spread
engineering specifications on design and calculation method for uplift bearing capacity of suction caisson foundation.
So it is important to establish an uplift failure criterion. In order to study the uplift bearing mechanism and failure
mode of suction caisson foundation, a series of model tests were carried out considering the effects of aspect ratio,
soil permeability and loading mode. Test results indicate that the residual negative pressure at the top of caisson is
beneficial to enhance uplift bearing capacity. The smaller the permeability coefficient is, the higher the residual
negative pressure will be. And the residual negative pressure is approximately equal to the water head that causes
seepage in the caisson. When the load reaches the ultimate bearing capacity, both the top and bottom negative
pressures are smaller than S, and both the top and bottom reverse bearing capacity factors are smaller than 1.0 in soft
clay. Combined the uplift bearing characteristics of caisson in sandy soil and soft clay, the bearing capacity
composition and the calculation method are proposed. It can provide a reference for the engineering design of suction

caisson foundation under vertical load.
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1 Introduction

A suction caisson foundation is a closed-top steel tube
that is lowered to the seafloor, allowed to penetrate the bot-
tom sediments under its own weight, and then pushed to full
depth with differential pressure produced by pumping wa-
ter out of the interior. Because of their easy installation, re-
usability, and low construction costs, suction caissons have
been increasingly used in offshore engineering. The compli-
ant offshore structures, such as tension leg platforms, off-
shore platforms, are usually subjected to considerable uplift
forces. For this reason, a lot of studies about this aspect
have been done by many researchers, but there are still no
wide and spread engineering specifications on design and
calculation of uplift bearing capacity for suction caisson
foundation. Therefore, the research on the uplift bearing ca-
pacity of suction caisson is one of the important issues
worth concerning and solving.

Suction caisson foundation always sustains incline or al-

most vertical loads, which is passed by the attached moor-
ing chain. Therefore, the vertical pullout capacity of cais-
son should be considered first in order to fulfill the anchor-
ing requirement in engineering design. When suction cais-
son foundation is subjected to uplift load, the top of caisson
will generate negative pressure and it will resist most of the
load. Maybe the negative pressure will generate at the bot-
tom of caisson which depends on caisson aspect ratio and
loading rate. While under long-term working load, the neg-
ative pressure will eventually dissipate. So the maximum
uplift loading cannot be taken as the ultimate bearing capa-
city of suction caisson foundation. Owing to the different
permeability characteristics of the soil, the residual negat-
ive pressure at the top of caisson is different. The mag-
nitude of the residual negative pressure directly affects the
uplift bearing capacity of suction caisson foundation. But
the residual negative pressure has not been properly under-
stood and quantified.
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In order to accurately explore the uplift bearing charac-
teristics of suction caisson foundation, many researchers
have done a lot of research on the uplift bearing capacity of
caisson, such as Byrne and Houlsby (2002), Luke (2002),
Chen and Randolph (2007), Rao et al. (1997), Singh et al.
(1996), Deng and Carter (2002), Wang et al. (2016), and Li
et al. (2019). The uplift bearing capacity of the suction cais-
son foundation with respect to aspect ratio, uplift rate, types
of soil have been investigated in these studies. Zhu et al.
(2018), Dai et al. (2019) and Wang (2008) performed theor-
etical studies on the vertical uplift capacity of suction cais-
son under undrained pullout load. Jiao et al. (2006), Shi et
al. (2003), Mana et al. (2013) and Rao et al. (1997) con-
cluded from the test results that the negative pressure de-
veloped at the bottom of the caisson could be taken as part
of the uplift bearing capacity. Some researchers (Andersen
et al., 1993; El-Gharbawy, 1998; Luke, 2002; Chen and
Randolph, 2007) investigated the influences of sustained
loadings on the caisson pullout capacity and found that
these loadings noticeably reduce the capacity of suction
caisson. However, there are few discussions about the fail-
ure mode and bearing mechanism for a suction caisson un-
til now. Owing to the large permeable coefficient of sand,
the negative pressure is hardly generated to provide the re-
verse bearing capacity, which is different from the pullout
mechanism of suction caisson foundation in soft clay.
Iskander et al. (2002) and Bang et al. (2006) carried out
model tests to study the pullout behavior of suction caisson
foundation in sand. Bang et al. (2011) explored the effects
of loading point position and loading direction on the uplift
capacity of suction caissons in sand. Houlsby et al. (2006)
explored the effect of vertical loads embedded in dense
sandy bed by large diameter caisson models in the field. Lu
et al. (2005) and Zhang et al. (2005) also investigated the
uplift bearing capacity of suction caissons in sand by a
series of model tests. Li et al. (2013a, 2013b) analyzed the
deformation characteristics and the mechanism of the suc-
tion caissons under various loading conditions. Zhu et al.
(2011) suggested a calculation method for estimating of the
ultimate pullout capacity of caissons under drained and un-
drained conditions in sand.

The uplift bearing capacity is the key problem to cais-
son design. However, the above studies on the uplift bear-
ing capacity of suction caisson foundation have not fully re-
vealed the vertical uplift bearing mechanism of the suction
caisson foundation. Based on a specially designed experi-
mental system, a series of model tests have been performed
to investigate the pullout mechanism of suction caisson
foundation in sandy soil and soft clay. The composition of
the uplift bearing capacity of the suction caisson foundation
is analyzed in detail. It can provide a reference for the en-
gineering design of suction caisson foundation under vertic-
al load.
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2 Experimental work

2.1 Tank and soil

A steel tank, which is 1.0 m long, 1.0 m wide, and 1.2 m
high, was used to prepare the test bed soil. The soft clay was
prepared by mixing several batches of slurry in a small steel
barrel and then carefully poured it into the test tank. The ini-
tial water content of prepared slurry was about 60%—70%.
To accelerate the consolidation of clay slurry, a drainage
layer was deployed at the bottom of the tank, and a layer of
bricks with an underlying geotextile were placed on the clay
surface. When the undrained shear strength of the soil layer
reached 6—10 kPa along the depth, the caisson pull-out test
was started. The soil parameters measured by the geotech-
nical test are shown in Table 1.

Table 1 Soil parameters
Type w.c(%) r(kN/m?)
Soil 5 40.8 16.8

wi(%0)
46.6

wy (%) Ip S, (kPa)
28.8 17.8 7.6

Four soils samples with different permeability coeffi-
cients were also selected in the experiment. The distribution
curves of particle size are shown in Fig. 1. The sand para-
meters are listed in Table 2. We can know that the permeab-
ility coefficient of Soil 1 is larger than that of Soil 4.
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Fig. 1. Grain size distribution curves.

Table 2 Basic parameters of soil
TYPE Py (8em?)  pypiy (g/em®) Dy 9() k (cm/s)
Soil 1 1.62 1.281 0.48 36.1 1.2x1073
Soil 2 1.63 1.285 0.49 35.8 9.1x1074
Soil 3 1.65 1.298 0.48 344 6.4x1074
Soil 4 1.68 1.302 0.50 33.2 4.2x107

2.2 Caisson model

Regular caisson models with aspect ratios of 1.5, 3.0
and 6.0 were made of steel and perspex. Specific paramet-
ers of caisson models can be seen in Fig. 2. The caisson
model is inserted into the seabed by applying vertical down-
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Fig. 2. Suction caisson foundation model.

ward force and suction pressure in sequence. Linear vari-
able differential transformer (LVDT) was placed vertically
on the suction caisson lid to measure the uplift displace-
ment. A load cell (range: 500—500 N) was used to measure
the uplift load. A vacuum gauge (range: 10—10 kPa) was
connected to the caisson to measure negative pressure dur-
ing uplifting. In order to measure the development of negat-
ive pressure during the experimental process, BWMK pore
water pressure gauges were arranged at the top and bottom
of caisson respectively. The arrangement of the test device
and pore water pressure gauge is shown in Fig. 3. All test
data were automatically obtained by a data acquisition sys-
tem.

2.3 Loading pattern

There are two kinds of load control methods in tests, one
is the load control and the other is the displacement control.
The test will begin after the pore pressure dissipates com-
pletely. In load control tests, each stage load is one tenth of
the estimated value of the ultimate bearing capacity. When
the displacement of caisson is not stable, stop the tests. The
displacement control mainly investigates the influence of
the negative pore pressure dissipation on the bearing capa-
city of the caisson. Plate pull-out test was carried out to
measure the external friction of caisson. At the same time,
pull-out test of the unsealed suction caisson was carried out

Table 3 Basic parameters of caisson model
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Fig. 3. Sketch of suction caisson foundation test.

to measure the internal friction. The test results are shown in
Table 3.

3 Analysis of test results

3.1 Load-displacement curve of suction caisson foundation
Fig. 4a shows the test photos of #4CM caisson model in
sandy soil. It is found that seepage could happen in the in-
ternal caisson. If the permeability coefficient is smaller, the
seepage in caisson needs longer time. But in Soil 4, there is

No. Material D LD W, Soil 1 Soil 2 Soil 3 Soil 4 Soil 5

Fexl Fin Fext Fin Fext Fin Fext Fin Fext Fin
#ICM  Steel 75 6.0 26 23 19 23.5 20 24 21 24.6 22 32 28
#2CM  Perspex 200 1.5 15 38 35 38.6 34.8 39 37.6 40 38 51 49
#3CM  Steel 100 6.0 65 66 64 67 65 67.8 65 68 65 94 92
#4CM  Perspex 200 3.0 30 82 76 83 76 84 77 85 77.6 101 98

Notes: D—caisson diameter (mm); L— caisson length (mm); W —caisson weight (N); F—external friction of caisson (N); F;,—internal friction of caisson

N).
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(b) Soft clay

Fig. 4. Test photos.

no seepage in #1CM caisson model. And the soil plug
moves up with caisson. So the uplift bearing mechanism of
suction caisson foundation is different under the effects of
caisson aspect ratio and soil permeability.

Fig. 4b shows the test photos of #4CM caisson model in
soft clay. It is found that the soil plug moves upward with
the caisson. However, once the plug is removed, the bear-
ing capacity of the caisson decreases sharply and the soil
plug is observed to drop down from the top of caisson. In
contrast, the soil plugs are pulled up with #1CM and #3CM
open-top caisson models. So the uplift bearing mechanism
of suction caisson foundation is different with the effects of
caisson aspect ratio. This phenomenon indicates that the
negative pressure at the top of caisson affects the bearing
capacity of #2CM and #4CM caisson models and the reac-
tion force at the bottom of caisson affects the bearing capa-
city of #1CM and #3CM caisson models.

In soft clay, typical plots of the pullout load—displace-
ment behavior of four caisson models are shown in Fig. 5.
One can note from the figure that the ultimate bearing capa-
city of #l CM—#4CM model is 144 N, 221 N, 298 N and
398 N, respectively. Typical plots of the pullout load-dis-
placement behaviors of model open-top caisson are shown
in Fig. 6. It can also be noted that the peak failure load of
open-top caisson model is achieved at very low displace-
ment in #2CM and #4CM caisson models. On the other
hand, pullout load increases with caisson displacement and
no distinct failure in #1CM and #3CM caisson models. The
difference in the pullout load-displacement behavior of cais-
son model can be attributed to the difference in the modes
of failure. In #2CM and #4CM open-top caisson models, the
soil plug does not move with caisson. After the bearing ca-
pacity overcomes the friction force, the curve will fall. In
#1CM and #3CM open-top caisson models, the soil plug
will move upward with the caisson. Both the soil plug and

the caisson move together as a single block. So the load-dis-
placement curve does not show a peak failure.

In Soil 1, typical plots of the pullout load-displacement
behavior of four caisson models are shown in Fig. 7. One
can note from this plot that there are no obvious failure
signs on the load-displacement curves under vertical load
before the caisson are pulled out. It can be concluded that
when the caisson is pulled, the friction of caisson first re-
verses to resist the pullout force. As the load increases, the
friction developes gradually until the displacement of the
caisson is not stable. In Soil 4, it can be seen from Fig. 7
that the bearing capacity of caisson is obviously larger than
that in Soil 1. It means that the permeability coefficient is
smaller, the uplift bearing capacity of suction caisson found-
ation is larger.

3.2 Composition of uplift bearing capacity

The load and displacement—time curves of #2CM cais-
son model in soft clay are shown in Fig. 8. When the load is
applied to the fifth stage, the uplift bearing capacity of suc-
tion caisson foundation is made up of its self-weight and the
frictional force. At this time, the caisson did not move but
there is negative pressure at the top of the caisson. When the
load is applied to the 8th stage, the negative pressure at the
top of caisson is 3.2 kPa. The negative pressure at the top of
caisson increases gradually with the increase of load. When
the load is applied to the 10th stage, the negative pressure at
the top of caisson is 5.5 kPa and the displacement of cais-
son is no longer stable. It was found that the negative pres-
sure at the top of caisson continues developing with the in-
creasing load by other two steps after the breakout loading.
The displacement—time plot of model caissons does not
show any distinct failure. It can be seen that the negative
pressure at the top of caisson affects the uplift bearing capa-
city of the suction caisson foundation.
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Fig. 8. Load and displacement vs. time curve.

5001 —=— #1CM-Soil 4
—e— #1CM-Soil 1
400 —a— #4CM-Soil 1
—v— #4CM-Soil 4
300+ v v v v v v
2000, sa—a—a " " N a
100
(] I. 1 'l I.
0 10 20 30 40
S (mm)
Fig. 7. Load vs. displacement curve.
gw 100
3003;5 Stepl Step2 Stop loading
._I—I—l = 80
- °0720-40 6o %0 T00 1 f
Fl r(.mm) i {s@gc leo
200 +‘;]2 Continuous loading E
3 £
5th stag Peak value 140 %
1
100}
420
1) SO Ml 0
0 40 80 120 16
t (min)

271

The load, displacement and negative pressure—time
curves of #4CM caisson model are shown in Fig. 9a. When
the load is applied to the 8th stage in Soil 1, the uplift bear-
ing capacity of the suction caisson foundation is made up of
its self-weight and the frictional force. At this time, the cais-
son did not move but there is negative pressure at the top of
the caisson. When the load is applied to the 9th stage in Soil
1, the negative pressure at the top of caisson is —1.57 kPa.
Seepage occurs in the caisson and the uplift bearing capa-
city of the suction caisson foundation reaches its limit value.
When the load is applied to the 8th stage in Soil 4, at this
time, the caisson did not move but there was negative pres-
sure at the top of the caisson. The negative pressure at the
top of the caisson increases gradually with the increase of
load. When the load is applied to the 10th stage in Soil 4,
the negative pressure is —3.6 kPa and the displacement of
caisson is not stable. It was found that the negative pressure
at the top of caisson continues developing with the increas-
ing load by other two steps after the breakout loading. The
displacement—time curve of model caissons in Soil 4 does
not show any distinct failure. It can be seen that the negat-
ive pressure at the top of caisson affects the uplift bearing
capacity of the suction caisson foundation in Soil 4.

The uplift bearing mechanism is different between
#4CM caisson model and #1CM caisson model in Soil 4.
The load, displacement and negative pressure—time curves
of #1CM caisson model are shown in Fig. 9b. It can be
found that the negative pressure at the bottom of caisson de-
velopes first and increases with the pullout load. But the
negative pressure increment at the top of the caisson is very
small. In #1CM caisson model, the soil plug moves upward
with the caisson. With the increase of load, the reversed
bearing capacity at the bottom caisson increases gradually.
The uplift load, displacement and negative pressure—time
curves of #3CM caisson model are shown in Fig. 9c. It can
be found that the negative pressure at the top of the caisson
would transfer to the bottom during the pullout procedure.

From the relationship curves of the three caisson mod-
els, there are three main test phenomena in the process of
loading.

(1) In sandy soil with high permeability (Soil 1), the
negative pressure at the top of the caisson is higher than that
at the bottom of the caisson and seepage occurs in the cais-
son.

(2) In sandy soil with low permeability (Soil 4) or soft
clay, the negative pressure at the top of the caisson would
transfer to the bottom during the pullout procedure.

(3) It can be found that the negative pressure at the bot-
tom of #1CM caisson model develops first and increases
with the pullout load. But the negative pressure increment at
the top of the caisson is very small.

In Fig. 10a, the number is the reverse bearing capacity
(suction force) at the top of the caisson in Soil 2 and the
number is the reverse bearing capacity at the top of the
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caisson in Soil 4. It can be found that the uplift bearing ca-
pacity of suction caisson foundation is made up of its self-
weight, internal and external friction and the reverse bear-
ing capacity at the top of the caisson. It can be seen from
Fig. 10D that the uplift bearing capacity of #1 CM caisson
model in Soil 4 is made up of its self-weight, soil plug
weight, external friction and the reverse bearing capacity at
the bottom of the caisson.

The composition of the uplift bearing capacity of suc-
tion caisson foundation in Soil 5 is shown in Fig. 11a. One
can note from this curve that the uplift bearing capacity of
suction caisson foundation is made up of its self-weight, the
internal and external frictions and the reverse bearing capa-
city at the top of the caisson. It can be seen from Fig. 11b
that the uplift bearing capacity of #3CM caisson model in

Soil 5 is made up of its self-weight, soil plug weight, the ex-
ternal friction and the reverse bearing capacity at the bot-
tom of the caisson.

3.3 Negative pressures at the top and bottom of the caisson

Fig. 12a shows a typical plot of change of negative pres-
sures at the top and bottom of #4CM caisson model. It can
be found that the negative pressure at the top of the caisson
would transfer to the bottom during the pullout procedure in
Soil 4. In sandy soil with high permeability, the negative
pressure at the top of the caisson is obviously higher than
that at the bottom and seepage occurs in the caisson.

Fig. 12b shows the change of negative pressure at the
top and bottom of #1CM caisson model. When the uplift
load has not overcome the external friction and the self-
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weight of caisson and soil plug, the negative pressure at the
bottom of the caisson has not yet developed. Subsequently,
it can be seen that the negative pressure increases as the
load increases. The negative pressure at the top of the cais-
son is obviously smaller than that at the bottom of the cais-
son and the negative pressure at the top of the caisson was
smaller than the water head which causes the seepage in the
caisson. Therefore, there would be no seepage in the cais-
son, and the soil plug moved up with the caisson. In sandy
soil with high permeability (Soil 1), the negative pore pres-
sure at the top of the caisson is obviously higher than that at
the bottom of the caisson, and seepage occurs in caisson.
Fig. 13a shows the change of negative pressure of the
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#2CM caisson model. It can be found that the negative pres-
sure at the top of the caisson is slightly higher than that at
the bottom of the caisson and the negative pressure at the
top of the caisson would transfer to the bottom of the cais-
son during the pullout procedure. Fig. 13b shows the change
of negative pressure of #3CM caisson model. When the up-
lift load has not overcome the external friction and the self-
weight of caisson and soil, the negative pressure at the bot-
tom of the caisson has not yet developed. Subsequently, it
can be seen that the negative pressure increases as the load
increases. The negative pressure at the top of the caisson is
obviously smaller than that at the bottom of the caisson and
the soil plug moves up with the caisson.

f (min)
Uﬂ 10 20 30 40 50 60 70
———
2
= 4
e
=
=6
8
—e—Negative pressure at the bottom of caisson
10 ——Negative pressure at the top of caisson

(b) #3CM

Fig. 13. Negative pressure vs. time curve.
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3.4 Bearing capacity of model caisson with displacement

control

The following discussion will concentrate on the change
of the bearing capacity with the negative pressure dissipa-
tion. Zhu et al. (2011) did the same experiment in silt. It was
found that the bearing capacity of the suction caisson de-
creases rapidly with the negative pressure dissipation. At the
same time, the bearing capacity is smaller than the actual
value. In order to solve the problem, a spring was added
between the push rod and the force sensor. The uplift load
and negative pressure—time curves of #4CM caisson model
are shown in Fig. 14. It can be seen that the bearing capa-
city of the caisson is close to the actual value by adding a
spring device.

—=— No spring device
—— Spring device

WAF, +F. +P

£
<200 ; 1'-.__
= ? }i',(+F<‘.’ﬂ+F'|.I|
100 F “‘E‘-’_‘—"-—‘_‘___‘
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Ap (kPa)

Fig. 14. Load vs. displacement curve.

With the seepage occurrence in the caisson, the caisson
is constantly moving upwards. The spring is also shrinking
until the tension value tends to be stable. In this case, the
tension of spring value is the uplift bearing capacity of cais-
son. Typical plots of the pullout load—time behavior of cais-
son model are shown in Fig. 15. Test results indicate that
the uplift capacity of caisson tends to decrease with the
gradual dissipation of negative pressure. The residual negat-
ive pressure at the top of the caisson can sustain much lar-
ger uplift loading. This kind of negative pressure is obvi-

4001
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——Soil 2
——Soil 4

300

200

FA

100

(i 100 200 300 400 500
f (min)
(a) #4CM

ously beneficial to the safety of the suction caisson. There-
fore, the permeability coefficient is smaller, the negative
pressure at the top of the caisson is higher, so the bearing
capacity of the caisson is larger.

Fig. 16a shows the development of the negative pres-
sure with time in Soil 1 and Soil 4. It can be seen that the
negative pressure at the top of the caisson dissipates quickly
in Soil 1. In contrast, the negative pressure at the top of the
caisson dissipates slowly in Soil 4. The smaller the per-
meability coefficient is, the larger the residual suction will
be. And the residual negative pressure is approximately
equal to the water head that causes seepage in the caisson.

Fig. 16b shows a typical plot of negative pressure dis-
sipation at the top and bottom of #3CM caisson model. It
can be found that the negative pressure at the bottom of the
caisson dissipate more quickly than that at the bottom of the
caisson in Soil 4. On the contrary, the negative pressure at
the top of the caisson is obviously higher than that at the
bottom of the caisson in Soil 1, and seepage occurs in cais-
son.

Fig. 16¢ shows the development of the negative pres-
sure with time in #1CM caisson model. The negative pres-
sure at the bottom of the caisson gradually dissipates with
time and the negative pressure value eventually tends to
zero. On the contrary, the negative pressure at the top of the
caisson is obviously higher than that at the bottom of the
caisson in Soil 1, and seepage occurs in caisson.

4 Uplift bearing mechanism of suction caisson founda-
tion

4.1 Uplift bearing mechanism of caisson in soft clay

Two failure modes exist, which are derived by a series
of laboratory model tests in soft clay. One is the top tension
failure mode and the other is the bottom tension failure
mode. The first mode means that the reverse bearing capa-
city occurs at the top of the caisson and the uplift bearing
capacity of suction caisson foundation is made up of its self-
weight, the internal and external frictions and the reverse
bearing capacity at the top of the caisson. The second mode

200
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——Soil 4
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Fig. 15. Load vs. time curve.
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Fig. 16. Negative pressure vs. time curve.

means that the reverse bearing capacity occurs at the bot-
tom of the caisson and the uplift bearing capacity of the suc-
tion caisson foundation is made up of its self-weight, soil
plug weight, the external friction and reverse bearing capa-
city at the bottom of the caisson.

For the bottom tension failure mode, the uplift bearing
capacity (P,) of the suction caisson foundation in soft clay
may be estimated by the following formula:

PuzFext+Wc+Ws+Rb1, (1)

where F, is the external friction, W, is the caisson weight,
W is the soil plug, and Ry, is the reverse bearing capacity at
the bottom of the caisson.

Ry = Np1CuAyp, 2

where N, is the bottom reverse factor, C, is the undrained
shear strength, and Ay, is the caisson area.

At the same time, Chen and Randolph (2007), Rao et al.
(1997), Singh et al. (1996), and Deng and Carter (2002) pro-
posed the following formula according to the balance of soil
plug stress. The forces acting on the soil plug are indicated
in Fig. 17. When the soil plug moves together with the cais-
sons, the negative pressure at the top of the caisson is obvi-
ously smaller than that at the bottom of the caisson. So Eq.
(3) proposed by Rao et al. (1997), Singh et al. (1996), Deng
and Carter (2002) is not suitable for the analysis of the bot-
tom tension failure mode.

RbZ:PS+Fin_WSa (3)

where Ry, is the bottom reverse bearing capacity, P; is the

reverse bearing capacity at the top of the caisson, and F; is
the internal friction.

Rps = Np2CuAp, “)
where N, is the bottom reverse factor.

It can be found that the negative pressure at the top of
the caisson would transfer to the bottom during the pullout
procedure. Rao et al. (1997) and Zhu et al. (2011) demon-
strated that the negative pressure at the top of the caisson
would transfer to the bottom during the pullout procedure.
This test phenomenon also occurs at the top tension failure
mode. For the top tension failure mode, the development of
the uplift bearing capacity of the suction caisson is divided
P

5

Soil plug Soil plug

FL‘\I l

W,

5

Rh:
Soil plug

Suction caisson

Fig. 17. Force balance relationship of the caisson and soil plug.
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into three stages (Fig. 18). When the caisson is pulled, the
internal and external frictions resist the uplift load firstly.
Then, the reverse bearing capacity at the top of the caisson
gradually increases with the uplift load. It can be found that
the negative pressure at the top of the caisson would trans-
fer to the bottom during the pullout procedure. In the third
stage, as the load increases, the negative pressures at the top
of the caisson and the bottom of the caisson gradually in-
crease. Finally, the displacement of the caisson is not stable.
The uplift bearing capacity (P) of the suction caisson found-
ation in soft clay may be estimated by the following formu-
las:

P = Fex+ Fin + We + Py; %)
Pg = NpaCyAyp, (6)

where N, is the top reverse factor.
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Fig. 18. Development stages of bearing capacity.

Because the suction force at the top of the caisson can
balance the part of the soil weight, the failure height of soil
can be obtained by the equilibrium equation.

ho = ps/y. (7
Therefore, the effective friction force in the caisson is
Fin = aCynD(L—hy), (¥

where a is the friction coefficient between the side wall of
the caisson and the soil, which can be calculated by the up-
lift capacity of the open caisson model.

Table 4 shows the composition of the uplift bearing ca-
pacity of the suction caisson foundation. It can be found that
the uplift bearing capacity of #1CM and #3CM suction
models is made up of its self-weight, soil plug weight, the
external friction and the reverse bearing capacity at the bot-

ternal and external frictions and the reverse bearing capa-
city at the top of the caisson. Because the internal and ex-
ternal frictions of the caisson in Table 4 are measured by
open caisson model test, the bearing capacity calculated by
fully considering the internal friction of caisson is larger
than the test value. Table 5 shows the comparison of the up-
lift bearing capacity between the calculated and test values.
When the internal friction of the caisson is calculated by Eq.
(8), the calculated results of bearing capacity are close to the
test values.

The breakout factors of the reverse bearing capacities at
the top and bottom of the caisson are shown in Table 6. Un-
der load control condition, when the load reaches the ulti-
mate bearing capacity, both the top and bottom negative
pressures are smaller than S, and both the top and bottom
reverse bearing capacity factors are smaller than 1.0 in soft
clay.

4.2 Uplift bearing mechanism of caisson in sandy soil

There are also two failure modes in sandy soil as shown
in Fig. 19 and Fig. 20. One failure mode is shown in
Fig. 19. When the caisson is pulled, the internal and extern-
al frictions resist the uplift load firstly. Then, the reverse
bearing capacity at the top of the caisson gradually in-
creases with the uplift load. It can be found that the negat-
ive pressure at the top of the caisson would transfer to the
bottom during the pullout procedure. Finally, the negative
pressures at the bottom and top of the caisson gradually dis-
sipate with time. The uplift bearing capacity of suction cais-
son foundation is supported by the internal and external fric-
tion of caisson wall, self-weight of the caisson and residual
negative pressure at the top of the caisson. Eq. (9) can be
used to calculate the failure mode. Eq. (10) proposed by
Zhu et al. (2011) does not consider the negative pressure at
the top of the caisson.

T
Py =We + Fext + Fin + Ps=W, + Ey’DLz(Ktan Next+

T, 2 T2

—y' DL (K tand);, + —D"Ap,

57 DL Jin+ 7 D"Ap ©)
where, K., and K, are the horizontal earth pressure coeffi-
cients, ¢ is the friction angle between the caisson and the
soil, P is the reaction force at the top of the caisson, and Ap
is the negative pressure at the top of the caisson.

Py =Wt Fog +Fiy = Wo + gy’DLz(Ktané)ext—i—

tom of the c.a1sson. The.uphft bearing .capac1ty o.f #2CM a.nd E}/ DIA(K tand)y,; (10)
#4CM suction models is made up of its self-weight, the in- 2

Table 4 Composition of caisson bearing capacity

No.  Material w.c. (%) P, (N) s (N) . (N) Fea (N) Fin (N) Ry (N) Py(N)

#1 Steel 40.8 144 46 40 45 43 45.6 25.1

#2 Perspex 40.8 221 140 15 51 49 170 172

#3 Steel 40.8 298 92 75 94 92 52.9 19.3

#4 Perspex 40.8 398 280 30 101 98 196 210
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Table 5 Comparative analysis of bearing capacity

No. @ ho(m) P,(N) F¥N) Diff. F(N) Diff.
# 0.034 030 221 287 029 218 0.1
#4 0.034 039 398 439 0.1 375 0.6

F? is the bearing capacity calculated by fully considering the internal
friction of caisson; F? is the bearing capacity calculated by considering the
effective friction force in caisson.

Table 6 Coefficient of reverse bearing capacity

are illustrated in Fig. 20. The composition of uplift bearing
capacity of the suction caisson foundation is shown in
Table 7.

Table 8 shows the results of comparative analysis of ex-
perimental and calculated values. It can be found from the
table that the difference calculated by Eq. (9) is smaller than
that calculated by Eq. (10).

Model S, Apyy APaown  Noa Nos Moy Noz Table 7 Composition of caisson bearing capacity
#1ICM 7.6 - 6.3 - - 096 084 No. Type P.(N) W.(N) Fou(N) F,(N) P,(N)
#2CM 7.6 5.7 5.5 0.68 0.76 - 0.73 Soil 1 5 26 23 19 71.4
#1
#3CM 7.6 - 6.6 - - 0.85 088 Soil4 0 26 25 22 108.6
#ACM 7.6 6.6 6.4 0.85 0.88 - 0.82 Soill 2 15 34 32 64.4
Ny; is the measured bottom reverse factor, and Nys is the measured top #2 Soil4 25 15 38 34 97.4
reverse factor. -
# Soil 1 23 65 59 60 194.3
Soil4 57 65 62 65 245.2
P P P, i1 2 1
? T 1‘ 44 So% 5 30 78 7 78
e N e - Soil4 53 30 85 78 230
j ' A XXX 1V Recau |
i Negative (]  pegative [
H ! ssure W | [pressure . . .
E f = (1] sl = sz oldlE S| Table 8 Comparison of bearing capacity
g1 A ER g g TR E glns No. Type P, Eg. (10) Diff.  Eq.(9) Diff.
BV ; e | EY SVE EViNE B e g Soill 714 66.4 007 73 -0.02
a1 sna| 48 .-3’ 12 Zi g E:’ B Soil4 1086  80.6 026 101 0.07
N Shs| 2 Shs sHs SHZ p  Solll 644 24 0.03 83 -0.29
7 -F ******** l l Soil 4 97.4 72.4 0.26 112 —-0.15
i, i " Negative ¥ i ) Soil 1 194.3 171 0.12 207 -0.07
W W, W pressure W W, W, #3 .
First stage Second stage Third stage Soil 4 2452 188 023 249 —0.02
44 Soil 1 178 163 0.08 195 —-0.10
Fig. 19. Development stages of bearing capacity. Soil4 230 177 023 246 —0.07
P P 5 Conclusions
4 B S In order to study the uplift bearing mechanism and fail-
f ( f ] ure mode of the suction caisson foundation in sandy soil and
o 4l ¥ . .
= f o f 0 o soft clay, a series of model tests have been carried out to
z | w, f|& & w, & study the uplift bearing characteristics of the suction cais-
= [ = = [ Ul 2 . . . .
=l l B, E1f i B = son foundation with the effects of aspect ratio, soil permeab-
§ i M g N 2 ility and loading mode. The main research results are as fol-
ER/ I g 0 s lows.
# 1l ¥l . . . g .
f i f (1) In sandy soil with high permeability, seepage will
lH'H“H ; — r -r occur in the caisson. The uplift bearing capacity of caisson
Negative ; is composed of its self-weight and internal and external fric-
W, pressure W, W W

First stage Second stage

Fig. 20. Development stages of bearing capacity.

Py=W + Fexe + Wy = W, + gy/DLz(Ktana)ext + gysatDzL'
(11)

When the soil plug moves together with the caisson, the
negative pressure at the bottom of the caisson undergoes the
process from development to dissipation. For the failure
mode, the uplift bearing capacity of the suction caisson
foundation is made up of its self-weight, soil plug weight
and the external friction. Eq. (11) can be used to calculate
this failure mode. The forces acting on the model caisson

tions. In sandy soil with low permeability, residual negative
pressure will be found at the top of the caisson. The bearing
capacity of the caisson is composed of its self-weight, in-
ternal and external frictions, and the reverse bearing capa-
city at the top of the caisson.

(2) In sandy soil, test results indicate that the residual
negative pressure at the top of the caisson is beneficial to
enhance the uplift bearing capacity. If the permeability coef-
ficient is smaller, the residual suction will be larger. The re-
sidual negative pressure is approximately equal to the water
head that causes seepage in the caisson.

(3) In soft clay, there are two failure modes. In the top
tension failure mode, the uplift bearing capacity of the cais-
son is made up of its self-weight, the internal and external
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frictions, and the reverse bearing capacity at the top of the
caisson. In the bottom tension failure mode, the uplift bear-
ing capacity of the suction caisson foundation is made up of
its self-weight, soil plug weight, the external friction, and
the reverse bearing capacity at the bottom of the caisson.

(4) In the top tension failure mode, the negative pres-
sure at the top of the caisson would transfer to the bottom
during the pullout procedure. In the bottom tension failure
mode, the negative pressure is only at the bottom of the
caisson. When the load reaches the ultimate bearing capa-
city, both the top and bottom negative pressures are smaller
than S, and both the top and bottom reverse bearing capa-
city factors are smaller than 1.0 in soft clay.

(5) By combining the uplift bearing characteristics of
caisson in sandy soil and soft clay, the bearing capacity
composition and the calculation method are proposed to
analyze the uplift bearing capacity of suction caisson found-
ations.

This paper investigates the uplift bearing characteristics
of caisson in sandy soil and soft clay, which can provide a
reference for the engineering design of suction caisson
foundation under vertical load. But this paper only dis-
cusses the negative pressure dissipation in sandy soil.
Therefore, the long-term uplift bearing capacity of caisson
needs further research in soft clay.
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