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ABSTRACT

Circular open caissons are deep foundations sunk into the ground utilising the self-weight of cutting edge
and steining as driving force along with the subsequent failure of soil in bearing. During the sinking of the
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caisson, the clay in contact with the cutting edge is subjected to undrained loading and the controlled

sinking of the caisson can be achieved by evaluating the undrained bearing capacity of the cutting edge.
In the study, the undrained bearing capacity factor (N) of the cutting edge for varying cutting angle (b),
radius ratio of the caisson (ri/r,), full embedment of the caisson (d), removal of soil within the caisson (d),
and different roughness (a) conditions of the steining are evaluated using finite element limit analysis
(FELA). The factors affecting the undrained stability of caisson considering all practical scenarios are

addressed and presented as charts to be used in practice.

Notations

B width of the cutting edge of open caisson

c cohesion of soil

d embedment of caisson

I removal of soil within caisson

E modulus of elasticity

FELA finite element limit analysis

LB lower bound

N, Nyand N, bearing capacity factors of the strip footing

N* Ng*and N,*  modified bearing capacity factors of the open caisson

N undrained bearing capacity factor

q surcharge above the cutting-edge level

qu ultimate bearing capacity of the cutting edge of open
caisson

T inner radius

To outer radius

i/, radii ratio

SOCP second-order cone programming

UB upper bound

o base roughness between footing and soil

B cutting angle

¢ friction angle of soil

y unit weight of soil

v Poisson’s ratio

1. Introduction

Open caissons are deep foundations adopted as a choice of foun-
dation for offshore, onshore and inland structures (Chakrabarti
et al. 2006; Esteban Lefler and Rey Romero 2009; Matsuda et al.
2016; Dong et al. 2023; Jiang et al. 2023). They are sunken to the
required depth using the self-weight of the cutting edge and sub-
sequent raising of steining (Nonveiller 1987). The open caisson
has different shapes in plan like rectangle, square, circular, dumb-
bell and in-plan grids of steining (Nayak 1985). Usually, the circular
shape is adopted and is defined by the radius ratio which is the ratio
of the inner radius to the outer radius of the cutting edge (Chavda
and Dodagoudar 2018). Practically the radius ratio (r,/r,) of caisson
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can vary from 0.25 to 0.8, where r; is inner radius and r, is outer
radius of cutting edge of caisson. The larger radii ratios (r;/r, ~
0.8) are adopted for stormwater tanks, attenuation tanks, launch
and reception pits for tunnel boring machines, etc. (e.g. Nonveiller
1987; Allenby et al. 2009; Yao et al. 2014; Royston et al. 2016; Sheil
et al. 2018); whereas, the lower radii ratios (r;/r, ~0.25-0.5) are
usually adopted as foundation for bridge piers or offshore struc-
tures. The cutting edge has an inclined face defined by an angle f8
varying from 30° to 45° (IS: 9527, Part 1 1981; IS: 3955 1965;
IRC: 78 2000; Tomlinson 2001; Chavda and Dodagoudar 2022b).
The caissons are used in inundated conditions to support bridges
over rivers (Dammala et al. 2017). When caissons are sunken in
the river bed or sea bed, if the soil is clay, the sinking of caisson
is governed by the failure of clay subjected to undrained loading
and the roughness conditions of steining. In such cases, estimating
the stability of a caisson at every stage of sinking is important to
have control over the rate of sinking of the caisson.

The uniform sinking of caisson is usually achieved when the soil
in contact with the cutting edge fails in shear together radially. The
evaluation of bearing capacity of the cutting edge will help in plan-
ning the controlled sinking. The bearing capacity of cutting edge
has been investigated using experiments (Chavda et al. 2020;
Chavda and Dodagoudar 2022a), slip line method (Berezantsev
1952; Solov’ev 2008; Yan et al. 2011), finite element method
(Sheil and Templeman 2022; Chavda and Dodagoudar 2022b)
and finite element limit analysis (Templeman et al. 2021; Sheil
and Templeman 2022; Royston et al. 2022a). There are several prac-
tical possible cases of caisson sinking in clayey soil starting from
only cutting edge embedded in soil, cutting edge and steining com-
plete embedded in soil, embedded caisson with soil removed within
caisson, with different roughness conditions (& = 0 to 1) of steining
(Chavda and Dodagoudar 2022a). The bearing capacity of the cut-
ting edge in soil will vary based on the above conditions. Therefore,
this study addresses the undrained bearing capacity of cutting edge

CONTACT Suraparb Keawsawasvong @ ksurapar@engr.tu.ac.th @ Research Unit in Sciences and Innovative Technologies for Civil Engineering Infrastructures,
Department of Civil Engineering, Faculty of Engineering, Thammasat School of Engineering, Thammasat University, Pathumthani 12120, Thailand

© 2023 Informa UK Limited, trading as Taylor & Francis Group


http://crossmark.crossref.org/dialog/?doi=10.1080/17445302.2023.2225952&domain=pdf&date_stamp=2023-06-20
http://orcid.org/0000-0003-0396-5759
http://orcid.org/0000-0002-1760-9838
http://orcid.org/0000-0002-9766-617X
mailto:ksurapar@engr.tu.ac.th
http://www.tandfonline.com

2 (&) J.T.CHAVDAETAL.

of circular open caisson considering all practical scenarios on differ-
ent conditions of caisson as discussed in the proceeding section.

2, Practical scenarios and proposed study

There are five cases that represent the sequence of the open caisson
construction (refer Figure 1). First, Case A represents the step that
the open caisson is merely tipped into the ground surface, where
only the cutting edge is considered i.e. the cutting edge is fully
embedded. The interface at the contact between the cutting edge
and surrounding soil is fully rough (a =1). Second, Case B is car-
ried out to simulate the situation that the open caisson is embedded
into soil and the inside soil is not excavated yet. In this case, the
embedded depth denoted by d is taken into account. Practically,
due to the use of interface lubrication during caisson sinking (Roy-
ston et al. 2016, 2022a, 2022b), the interface at the sided wall (above
the cutting edge) is assumed to be fully smooth (« = 0; smooth stein-
ing) whereas that of the cutting edge is still fully rough (« = 1). This
case considers only the resistance of cutting edge present at greater
embedment. Third, Case C is the case that the inside soil is partially
excavated, where the excavation depth is defined by d’. Note that the
setting of the interface in Case C is similar to that in Case B. Fourth,
Case D shows a case that is similar to Case B, but the interface at the
sided wall of this case is assumed to be fully rough («a = 1; rough
steining) to simulate the case that interface lubrication is not
employed in the construction of open caisson. Finally, Case E rep-
resents the case that is similar to Case C (partially excavated), but
the sided wall interface is set to be fully rough (a=1).

The present study focuses on the stability of the circular caisson
embedded in clayey soil subjected to undrained loading using finite
element limit analysis. The undrained bearing capacity factor N for
the cutting edge is evaluated corresponding to the above possible
cases. The circular caissons have cutting edge with cutting angles
B=30° and 45° the radius ratio varying from 0.25 to 0.9, the
width of the cutting edge same as steining as B=r, —r; =1 m, the
embedment of caisson varying from d = 0B to 20B and the removal
of soil within caisson varying from d’= 0B to 20B. This study will
help in understanding the undrained response of caisson in clay
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and the factors affecting the stability of sinking of caisson in
undrained conditions.

3. Finite element limit analysis

The classic bearing capacity factors (i.e. N, N, and N,) were pro-
posed by Terzaghi (1943) for the design of the ultimate vertical
load of strip foundations. Later, to capture the impact of several
shapes of foundations, Caquot and Kérisel (1953), Hansen (1961),
Meyerhof (1963), de Beer (1970) and Vesic (1973) presented the
modified bearing capacity factors for predicting the bearing
capacity of circular, rectangular and other shapes. In the present
study, the bearing capacity of the cutting edge of the open caisson
is expressed as defined by Equation (1) below.

qu = cN; +qN; + (ro — 1:) YN}, (1)

where g, is the ultimate bearing capacity of the cutting edge of the
open caisson, c is the cohesion of soil, g is the surcharge above the
cutting-edge level, y is the unit weight of the soil, B=r, - r; is the
width of the cutting edge of the open caisson, N7, N7, and Nj
are the modified bearing capacity factors of the open caisson. The
same equation (Equation (1)) is used by Chavda and Dodagoudar
(2022b) for the evaluation of the bearing capacity factors for cutting
edge of caissons.

This study considers only the undrained condition of the bearing
capacity of the cutting edge of the open caisson. As a result, only the
N factor is taken into account and the N and N factors are not
considered in the present study. Based on the Griffiths’s approach
(Griffiths 1982), the N factor can be acquired by setting the unit
weight of soil and surcharge equal to zero (ie. y=0 and g=0).
Thus, the following equation can be obtained for evaluating N as

Ny =2 2)

In the present study, the cutting angle f is 30° and 45°. These selected
values of f3 are based on the finding by Chavda et al. (2020) and
Chavda and Dodagoudar (2021). They found that, by using the

d=20B
d'=08, 1B, 5B, 10B, 15B, 208

Figure 1. Schematic representation of cases considered in the study for determination of undrained capacity of cutting edge of circular open caisson. (This figure is avail-

able in colour online.)



image analysis, the impact of the cutting angle is significant when the
B is about 30° to 45°. It should be also noted that the width B=r,- r;
is set to be constant as 1 m in the analysis. The undrained bearing
capacity factor is represented as N in the study. Note that N= N7,

The five cases as presented in Figure 1 are investigated using the
finite element limit analysis (FELA) which is the most useful
numerical technique. The FELA provides both upper bound (UB)
and lower bound (LB) estimations which can be used to represent
the actual collapse load. The difference between bounds provides
the exact amount of error in the solution and is further used to
refine the mesh until the accurate collapse load is evaluated based
on the adaptive mesh refinement technique (Sloan 2013). There-
after, the collapse load is the average of the LB and UB solutions
which leads to the exact solution. In FELA, a rigid-perfectly plastic
material is effectively utilised to investigate the ultimate pressure
applied at the top of open caissons. In the LB method, three-node
triangular elements are used in the analysis. Each triangular
element has the four nodal stresses which are set to be the basic
unknown variables. The statically admissible stress discontinuities
are allowed for producing the continuity of normal and shear stres-
ses along with the interfaces of all the elements. The conditions of
stress equilibrium, stress boundary condition and the Tresca failure
criterion are all constraints in a typical LB analysis, in which the
objective function is to maximise the collapse load of problems.
The upper bound theorem requires a kinematically admissible vel-
ocity field where the external work is greater or equal to the plastic
shear dissipation. In the UB method, six-node triangular elements
are used in the formulation. At each node of the element, there
are the horizontal and vertical velocities defined as the basic
unknown variables. The setting of kinematically admissible velocity
discontinuities is applied at the interfaces of all the elements. The
Tresca material is set to obey the associated flow rule which is sat-
isfied along any velocity discontinuity. These LB and UB theorems
are perfectly fitted to the nonlinear programming optimisation pro-
blems using the second-order cone programming (SOCP). The
constraints involved in this procedure are nonlinear and non-
smooth but remain convex and amenable to analysis. More details
of the formulation can be found in Sloan (2013). In this paper, the
latest development of the FELA technique, which is OptumG2
FELA software (OptumCE 2015), is carried out to numerically
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solve the ultimate bearing capacity of the open caisson (g,,) which
is later normalised by the soil cohesion (c) to be the N factor
(see Equation (2)). FELA adopts the adaptive mesh which is opti-
mised to get the accurate solutions. In the study, the adaptive iter-
ations are set as 5, the number of elements is set as 10,000 based on
the sensitivity analysis of mesh size (Keawsawasvong 2022; Chou-
han et al. 2023). The typical mesh configuration adopted in the
FELA of open caisson is shown in Figure 2.

4. Results and discussion
4.1. Bearing capacity of rough cutting edge

The FELA results of Case A are demonstrated in Figure 3. Note that
all results hereafter are the average solutions from LB and UB
methods. In this case, the cutting edge is fully embedded represent-
ing the shallow sinking. It can be found that the undrained bearing
capacity factor (N) varied smoothly with the r,/r, ratio for both =
30° and 45°. The bearing capacity factor is higher for the steeper
cutting edge (8 =30°) compared to cutting edge with §=45° for
all variations in the radii ratio. An increase in the r;/r, ratio results
in a decrease in N. Similar observations were reported by Chavda
and Dodagoudar (2022a) for the case of ring footings resting on
clays and Chavda and Dodagoudar (2022b) for the case of
embedded cutting edge of caisson in clays. To validate the FELA
results, the present results are compared with the existing solutions
of cutting edge of caisson in drained clays from Chavda and Doda-
goudar (2022b). It should be mentioned that the results from
Chavda and Dodagoudar (2022b) were obtained using the displace-
ment-based finite element method and the friction angle of soil was
¢=5° However, the present study is the cases with ¢=0°
(undrained condition). Therefore, the present solutions are lower
than those of Chavda and Dodagoudar (2022b) due to the lower
value of friction angle.

4.2. Rough cutting edge and smooth steining

4.2.1. Fully embedded caisson
Figure 4 shows the results of Case B, where the dimensionless par-
ameter d/B representing the full embedment of caisson is varied as

N7 A
/NN NN/
y 7\ 7 /, 7

VYA,

JAVAN
/335 / -

|

/N \/ /AL
INZN/N\/\/\/\T
# VARVAA.

Figure 2. Typical mesh configuration adopted in the FELA axisymmetric model of circular open caisson with varying embedded conditions. (This figure is available in colour

online.)
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Figure 3. Comparison of bearing capacity factor N} with literature. (This figure is
available in colour online.)

0B, 1B, 5B, 10B, 15B and 20B. For both cutting angles (8 = 30° and
45°), when d/B reaches to 5, the effect of d/B becomes insignificant
since the lines of d/B = 5, 10, 15 and 20 merges with each other. It is
because when the depth of the caisson is deep and the wall interface
is assumed to be smooth conditions, the slip lines of failure zones
are mainly located at the tip of the cutting edge without an exten-
sion of the slip lines to the ground surface. Thus, influence of the
caisson depth is no longer significant when the ratio of depth per
thickness d/B is larger than 5. It should be also mentioned that
the lines of N for the cases with d/B>1 turn to be increased
when the r;/r, ratio is larger than 0.6.

4.2.2. Embedded caisson with partial soil within caisson

Figure 5 shows the results of Case C, where the excavated ratio d7/B
is considered as 0B, 5B, 10B, 15B and 20B and the value of d/B is
fixed as 20. Generally, the effect of d/B is insignificant when the
1i/1, ratio is lesser than 0.6. The impact of d7/B is prominent
when the thickness of open caissons is larger (r/r,>0.7). The

20

B =30

15 4

(I
d/B=0,1,5,10,15,20

5 " " i I~ : i i & i : A A " " :

0.2 0.4 0.6 0.8
rir,

effect of the removal of clay within caisson on the undrained bear-
ing capacity factor of the cutting edge is almost insignificant. There-
fore, the capacity of undrained clay to withstand the load of cutting
edge and steining depends directly on the undrained cohesion. If
the caisson is in equilibrium (caisson is not sinking) and the soil
is removed within the caisson, the limiting capacity of soil being
constant, the caisson will not sink further unless the undrained
cohesion is completely mobilised. Moreover, if the undrained cohe-
sion is mobilised, the caisson comes to an unstable state, and it will
keep on sinking provided that the steining is smooth from within
and outside. Therefore, the interface or side friction plays a signifi-
cant role to allow control over the sinking of the caisson. To under-
stand more about the observations for the Cases B and C, it can be
related to the case where a piece of heavy rock is dropped on a very
soft bed of fully saturated clay. The rock keeps on sinking in the clay
(unstable case) when the weight of rock is higher than the overall
undrained shear resistance offered by the soft undrained clay to
the surface of rock.

4.3. Rough cutting edge and rough steining

4.3.1. Fully embedded caisson

The results of Case D for the open caisson with a purely rough
interface are presented in Figure 6. Unlike Case B, the results of
N are fluctuated and not merged into each other. This is due to
the impact of the rough interface at the side of the wall. An increase
in d/B yields an increase in the capacity of caissons, just like in the
case of pile foundations. For the cases with small d/B values, the
tendency of the N values is non-linearly decreased. On the other
hand, when the ratio d/B increases to 15, the tendency of the N
values becomes non-linearly increased. When the caissons are
sunk to the required depth, there will be control over the sinking
rate due to additional skin resistance provided by the undrained
clay to the caisson through steining. Therefore, the sinking of cais-
son in undrained clay shall be done carefully and controlled by not
using the lubrication between the steining and soil. This will allow
to have a control over the sinking of caisson. This case is applicable
to such clay which is homogeneous and isotropy is maintained in
shear strength (i.e. the undrained shear strength of clay is not
increasing with depth).

20
p=45°

15

T N
[ d/B=0,1,5, 10, 15,20

5 A " A i : A " " i : " " " i :
0.2 0.4 0.6 0.8

TiTr,

Figure 4. Undrained bearing capacity factor for fully embedded circular open caisson having smooth steining, varying radii ratio and rough cutting edge with varying

cutting angles: (a) 8=30° (b) B =45°. (This figure is available in colour online.)
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Figure 5. Undrained bearing capacity factor for embedded circular open caisson with partial soil within caisson having smooth steining, varying radii ratio and rough
cutting edge with varying cutting angles: (a) 8=30° (b) 8 =45°. (This figure is available in colour online.)

4.3.2. Embedded caisson with partial soil within caisson

The results of Case E for the rough open caisson with partially exca-
vated soil inside are presented in Figure 7. Note that the value of d/B
is 20. Generally, the tendency of the N values is similar to that of
Case D. There is a slightly difference from Case D when the r/r,
ratio is lesser than 0.5, where the lines of d/B=5, 10, 15 and 20
seem to be merged. When the caisson is already sunk to a depth
of d = 20B and if further sinking is required, the removal of internal
soil will allow the further sinking as the N reduces with the removal
of soil d’/B from OB to 20B. These observations when compared
with the Case C, where the steining is completely smooth and
soil is removed within caisson, there will not be the control over
the sinking of caisson. Therefore, it is stated that the roughness
of steining plays a significant role in having the control over the
sinking of caisson in clay.

50

30 4 e = 5 /
N

20 - N
I S—

10 -

p=30° d/B=0,1,5,10, 15,20
0 i i A i : i i & Y : i i T i :
0.2 0.4 0.6 0.8
rir,

4.4. Failure planes for open caisson

Figures 8-10 show the typical failure planes for the open caisson
representing the failure mechanism corresponding to the effect of
radii ratio and embedment depth, removal of soil within the caisson
and cutting angles of the open caisson, respectively. Figure 8 shows
the failure planes representing the effect of radii ratio and embed-
ment depth for f=30° and d/B=20. It is observed from the
figure that an increase in the r,/r, ratio the failure planes transform
from overall failure to local failure due to a reduction in the
confinement thereby resulting in the decrease in N. Similar obser-
vations were reported by Chavda and Dodagoudar (2022a) for
the case of ring footings resting on clays. Additionally, there is a sig-
nificant effect of d/B varying from 0 to 15B, due to increase in the
size of failure planes. Figure 9 shows the failure planes representing
the effect of excavated ratio d’/B varied from 0 to 20B for ri/r,=
0.90, $=30° and d/B=20. It is observed from the figure that as

50

30 41

—_

10 4
B=45" | uB-0,1,5,10,15,20
0 t t t
02 0.4 0.6 08
rir,

Figure 6. Undrained bearing capacity factor for fully embedded circular open caisson having rough steining, varying radii ratio and rough cutting edge with varying

cutting angles: (a) 8=30° (b) B =45°. (This figure is available in colour online.)
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Figure 7. Undrained bearing capacity factor for embedded circular open caisson with partial soil within caisson having rough steining, varying radii ratio and rough cutting

edge with varying cutting angles: (a) 8 =30° (b) §=45°.

r;/r,=0.50
d=0B

ri/r,=0.75
d=0B

ri/r,=0.25
d=15B

ri/r,=0.50
d=15B

r;/r,=0.75
d=15B

Figure 8. Effect of radii ratio and embedment depth of caisson for Case A and B with 8 =30° and d’/B = 20 on the development of failure plane. (This figure is available in

colour online.)

the clay is removed within the caisson from 20B to 0, the failure
zones extent to the ground surface and therefore, significantly
affect the bearing capacity factor. However, the effect of d7/B
becomes insignificant when d”/B > 5 as the failure planes are not
much influenced and are developed fully near the cutting edge
only. Figure 10 shows the failure planes representing the effect of
the cutting angle of 8 =30° and 45° for r;/r,=0.25 and 0.90, d/B
=0 and 20B, and d7/B=20B. It is observed from the figure that
the effect of § on failure planes for steeper cutting edge (8 =30°)
is wider and deeper as compared with $=45° and therefore, the
bearing capacity factor is higher for the steeper cutting edge (8 =
30°) compared to cutting edge with f8=45°. Similar observations
were reported by Chavda and Dodagoudar (2022b).

5. Conclusions

In the study, the undrained bearing capacity factor N of the cut-
ting edge is evaluated using finite element limit analysis (FELA)
considering different cutting angles of cutting edge, varying
embedment and radii ratio of caisson, different depths of
removal of soil within caisson, and different roughness con-
ditions of steining. For the case of shallow embedment of cais-
son, FELA study results are compared with those available in
the literature. The present study results will be useful in evalu-
ating the stability of circular open caisson when sunken in
clayey soils. The conclusions drawn from the FELA-based
study are as follows.
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Figure 9. Effect of removal of soil within caisson for Case C with r/r,=0.90, = 30° and d/B =20 on the development of failure plane. (This figure is available in colour
online.)

e For the shallow embedment of caisson, the undrained bearing the undrained bearing capacity factor is observed for r,/r, > 0.65.

capacity factor N is higher for the cutting edge with = 30° com-
pared to 5 =45° for all radii ratio variations (r;/r, = 0.25 to 0.9).
For the other cases too, where the embedment of the caisson is
varied, the depth of soil within caisson is varied representing
the removal of soil, the undrained bearing capacity factor is
higher for cutting edge with 8 =30° compared to f§ =45°.

For the case when only the cutting edge is fully embedded, the
undrained bearing capacity factor N of the cutting edge reduces
with an increase in the radii ratio of the cutting edge. For caisson
with different embedment (d/B =1 to 20), the undrained bearing
capacity factor reduces with an increase in the r;/r, up to 0.65.
The slight dependency of the embedment ratio of caisson on

This may be attributed due to the change in the failure mechan-
ism which is shifted from an overall failure mechanism to a local
failure mechanism for r;/r, > 0.65.

The caissons during sinking can have smooth and rough steining
conditions. The undrained bearing capacity of the cutting edge is
highly influenced by the roughness of steining. When the stein-
ing is completely smooth, the undrained bearing capacity factor
is almost same for the variation in different embedment of cais-
son and variation in the depth of removal of soil within caisson.
Therefore, when sinking caissons in clay, if the lubrication is
used to make the steining smooth, it will be difficult to have con-
trol over the sinking of a caisson. Whereas, when the sides of

Figure 10. Effect of cutting angles of cutting edge for Case A and B with r,/r,=0.25 and 0.90 and d”/B = 20 on the development of failure plane. (This figure is available in

colour online.)
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steining are rough, the undrained bearing capacity factors are
influenced resulting to have control over the sinking of caissons.

e With the removal of soil within embedded caissons, the
undrained bearing capacity factor reduces and reaches to the
case where only the cutting edge is embedded for both cases of
steining being smooth and rough. The presence of soil outside
the caissons does not influence the undrained capacity of cutting
edge when steining is smooth. However, the undrained capacity
of caisson is influenced by the roughness of the steining.

e The typical failure planes for the open caisson are evaluated
representing the failure mechanism accounting the effect of
radii ratio and embedment depth, removal of soil within the
caisson and cutting angles of the open caisson. It is inferred
that the failure planes transform from overall failure to local fail-
ure with increase in the r/r, ratio thereby resulting in the
decrease in the N. There is a significant effect of embedment
depth (d/B) due to increase in the size of failure planes. The
removal of clay within the caisson (d7/B) affects the bearing
capacity factor, however, the effect of d/B becomes insignificant
when d”/B > 5 as the failure planes are not much influenced and
are developed fully near the cutting edge only. The developed
failure planes are wider and deeper for steeper cutting edge (f8
=30°) as compared to flatter cutting edge (=45°) and there-
fore, the N is higher for the steeper cutting edge.
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