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ABSTRACT 
  In this paper, the pullout capacity of planar suction caissons in anisotropic clays is 
investigated by the lower bound (LB) and upper bound (UB) finite element limit analysis 
(FELA), where Anisotropic Undrained Shear (AUS) failure criterion is associated with the 
analysis. The strengths of natural clays are conceivable to be anisotropic due to the 
characteristics of unequal shear strengths obtained from triaxial compression and extension 
tests. In the AUS failure criterion, there are three anisotropic undrained shear strengths 
obtained from triaxial compression, triaxial extension, and direct simple shear. Other failure 
criteria for ideal isotropic materials may be unfortunate to capture these anisotropic shear 
strengths since those models consider only a single undrained shear strength. New solutions of 
the pullout capacity of planar suction caissons in anisotropic clays are first-time derived based 
on three main dimensionless parameters, which are the ratio of depth to width of caissons, 
adhesion factor, and the ratio of undrained shear strength obtained from triaxial compression 
and triaxial extension. The pullout capacity factor affected by these parameters is also 
discussed in the paper to portray the influence of strength anisotropy of clays. The solutions to 
this problem can be used as design charts for general design purposes. 
 

Keywords: Anisotropic clay; Finite element limit analysis; Plane strain; Pullout capacity; 
Suction caisson 
 
1. Introduction 

Floating offshore platforms are 
commonly supported by suction caissons, 
skirted foundations, or bucket foundations. 

Since these offshore platforms float on deep 
water due to the buoyant force, the 
foundations of these offshore platforms 
usually behave as anchored and mooring
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systems to resist the uplift force and 
maintain the positions of the platforms. The 
suction caisson is one of the famous types of 
offshore foundations that are made from 
reinforced concrete or steel. This foundation 
is constructed by sinking under its self-
weight into the seabed. By pumping the 
water out from the inside of the caisson, the 
suction force is then developed at the 
interface between the caisson and the clay. 
An overview of the suction caisson can be 
found in the book by Randolph and 
Gourvenec [1]. 

There have been several studies on 
the capacity of suction caissons that 
employed field experiments (e.g. [2-3]) or 
centrifuge model tests (e.g. [4-5]). The 
numerical methods were also used to study 
the behavior of suction caissons. For 
example, Geer [6] and Whittle et al. [7] used 
finite element analysis to investigate the 
responses of suction caissons under axial 
loading. Another numerical method called 
finite element limit analysis (FELA) was 
used by various researchers to derive the 
solutions of the ultimate pullout load of 
suction caissons (e.g. [8-14]). Recently, 
Keawsawasvong and Ukritchon [15], 
Ukritchon, and Keawsawasvong [16] and 
Ukritchon et al. [17] presented the FELA 
solutions of the pullout capacity of suction 
caisson in isotropic clay. 

Generally, natural clays exhibit some 
degree of strength anisotropy owing to their 
deposition and sedimentation processes 
resulting in preferred particle orientation as 
well as stress-induced anisotropy (e.g., [18, 
19]). It should be recognized that the 
strengths and stiffnesses of soft clays are 
anisotropic, and depend on the orientation 
of depositional directions. The anisotropic 
undrained shear strengths of soft clays can 
be basically obtained from triaxial 
compression, triaxial extension, and direct 
simple shear, which can be represented by 
Suc (for compression),  Sue (for extension), 
and Sus (for simple shear), respectively. Note 
that these anisotropic undrained shear 

strengths are specifically a function of the 
plasticity index (PI) of clays as pointed out 
by Ladd [18]. Several previous works on 
regrading the stability problems associated 
with anisotropic strengths of clays have 
shown that the influences of anisotropic 
strengths of clays are significant (e.g. [20-
27]). So far, the study on the pullout 
capacity of planar caissons in anisotropic 
clays has never been considered. Previous 
studies (e.g. [15-17]) considered only the 
pullout capacity of suction caissons in 
isotropic clays. 

The objective of this paper is to 
investigate the influences of undrained shear 
strengths of anisotropic clays on the pullout 
capacity of planar suction caissons. In this 
paper, the new lower bound (LB) and upper 
bound (UB) solutions of the pullout capacity 
of planar caissons are numerically derived 
by using the finite element limit analysis 
(FELA). The FELA [28] is a computational 
method that combines the theorem of 
classical plasticity, the technique of 
numerical discretization using finite 
element, and a mathematical optimization 
that can be used to accurately predict the 
limit pullout load of suction caissons. The 
results from the present study can be applied 
to accurately and reliably estimate the 
pullout capacity of the planar caissons in 
which the effect of anisotropic undrained 
shear strengths are also taken into account. 

 
2. Problem Definition 
 The problem definition of a planar 
suction caisson in an anisotropic clay under 
the plane strain condition is depicted in Fig. 
1. Since the problem is axial-symmetric, 
only half of the domain is taken into account 
in the simulation, where the line of 
symmetry is defined to be located at the 
center of the caisson. A planar caisson with 
a depth L and a width B is subjected to 
ultimate pullout load P and embedded in an 
anisotropic clay, where three anisotropic 
undrained shear strengths obtained from 
triaxial compression (Suc), triaxial extension 
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(Sue), and direct simple shear (Sus) are taken 
into account. To specifically investigate the 
influence of the anisotropic shear strengths 
on the pullout capacity of the planar caisson 
under undrained conditions, the clay is 
defined as a weightless soil, where g  is set 
to be zero so that the effect of unit weight 
does not interfere with the computed results. 
 

 
Fig.  1.  Problem definition of planar caisson in 
anisotropic clay. 
  
 The strength at the soil-caisson 
interface has a strong impact on the pullout 
capacity of the suction caisson [15-17]. An 
adhesion factor, which controls the limiting 
shear strength at the interface, is also 
considered in this study and denoted by a. 
The definition of the adhesion factor 
resulting in the reduction of three 
anisotropic shear strengths is shown below. 
 

   (2.1) 

 
where Suci, Suei, and Susi are the anisotropic 
undrained shear strengths at the interface. 
Note that the adhesion factor is in the range 
of 0 (smooth) – 1 (rough). 
 Based on [25, 26], the degree of 
undrained strength anisotropy of clays can 
be emphasized by introducing two 
anisotropic strength ratios re and rs. These 

anisotropic strength ratios can be expressed 
as the relations between three anisotropic 
shear strengths (e.g., Suc, Sue, Sus) as follows: 
 

              (2.2) 

               

(2.3) 
 

 As pointed out by Ladd [18], the 
undrained strength from the direct simple 
shear test seems to be slightly lower than the 
average value of the undrained strengths 
from the compression and extension tests. 
As a result, it is convenient to assume that 
there is a harmonic mean relation between 
Suc, Sue, and Sus based on empirical data by 
Ladd [18], where the relationships of Suc, 
Sue, Sus, re, and rs can be expressed as: 
 

              (2.4) 

 

               (2.5) 

 
 For the isotropic strength of clay, the 
above relations can be simply described as 
re = 1 and rs = 1 (e.g., Suc = Sue = Sus), where 
the AUS failure criterion becomes the 
Tresca failure criterion. 
 The dimensionless technique [29] is 
employed to reduce the considered 
parameters in this study. It can be 
summarized that there are three 
dimensionless input parameters mainly 
resulting in the magnitude of the pullout 
capacity factor as follows: 
 

    (2.6) 
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corresponds to adhesion factor; re represents 
the ratio of undrained shear strengths 
obtained from triaxial compression and 
triaxial extension.  
 
3. Method of Analysis 

This paper applied LB and UB FELA 
techniques using the commercial software, 
namely OptumG2 [30], to derive the plastic 
solutions of the pullout capacity factor of 
planar caissons in anisotropic clays. The 
anisotropic soils are discretized into many 
triangular elements. Note that LB elements 
are three-noded elements with linear 
interpolation of unknown stresses, where 
stress discontinuity is allowed to occur at 
shared edges of adjacent elements. Besides, 
UB elements are six-noded elements that 
have quadratic interpolation of unknown 
displacements being continuous between 
elements. It should be noted that the true 
collapse load can be obtained by bracketing 
LB and UB solutions. The automatic mesh 
adaptivity with the default option of shear 
dissipation control is employed in the 
analyses to obtain more accurate LB and 
UB solutions. This function is one of the 
powerful functions in OptumG2. 
Krabbenhoft et al. [30] suggested that the 
setting of five adaptive steps of meshing 
with an initial mesh number of 5,000 
elements that are automatically adapted and 
increased to a final mesh number of 10,000 
elements is the best option to obtain 
accurate solutions, and still preserve the 
computational effort. Hence, this study 
applied this setting to all numerical models 
that are analyzed in the present study.  

An anisotropic clay is modeled using 
the rigid-plastic material with the associated 
flow rule, where the AUS failure criterion is 
applied. The AUS model is a failure 
criterion for an anisotropic clay under the 
undrained condition that is available in 
OptumG2. The input strength parameters for 
the ASU model are Suc, re, and rs. More 
details regarding AUS model can be found 
in [31]. The unlimited tensile capacity is 

assumed at the soil-structure interface (i.e., 
full-tension interface) to generate the fully 
developed suction force between the cap of 
the caisson and the underlying soil. A planar 
caisson is modeled using rigid plate 
elements. Both caisson and clay are 
assigned to be weightless materials. 
Besides, interface elements are set around 
the connection between the caisson and the 
clay. The numerical model of this problem 
in OptumG2 is shown in Fig. 2. The 
ultimate vertical pullout load P is then 
computed by using the LB and UB FELA.  

 

 
Fig. 2. A numerical model in OptumG2. 

 
4. Results and Discussions 

All numerical results obtained from 
LB and UB FELA are presented next. Note 
that the range of the ratio of depth to width 
L/B is 1 to 6, and the range of the adhesion 
factor a corresponds to 0 to 1. These ranges 
are the practical values that can be generally 
found in practice. Besides, Krabbenhoft et 
al. [30, 31] suggested that the range of re is 
about 0.5 to 1. Thus, these ranges are used 
as the scope of this present study. All the 
presented solutions proposed in this paper 
are the average solutions obtained from LB 
and UB solutions. In all cases, the exact 
pullout capacity factors can be accurately 
bracketed within 1% difference between the 
LB and UB solutions.  

Examples of planar caissons under 
the ultimate pullout load after five adaptive 
steps are shown in Figs. 3(a) and 3(b) for 
the cases of a = 0.4, re = 0.7, and L/B = 1 
and 6, respectively. It can be seen from Fig. 
3 that the number of meshes extraordinarily 
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increase in the zones containing high plastic 
shearing strain. This mesh adaptivity 
technique gives rise to more accurate results 
from LB and UB analyses. It can be implied 
that all simulations in the present study 
certainly reach the very accurate values of 
the pullout capacity factors. 

All numerical results of the planar 
caissons in anisotropic clays are presented 
in Figs. 4(a), 4(b), 4(c), 4(d), 4(e), and 4(f) 
corresponding to the different values of a = 
0, 0.2, 0.4, 0.6, 0.8, and 10, respectively. In 
Fig. 4, the non-linear relationships between 
P/BSuc and L/B can be clearly seen. Note the 
contour lines in Fig. 4 represent constant 
values of re varying from 0.5 to 1. It is 
found that an increase of L/B causes an 
increase of P/BSuc. Besides, an increase of re 
about 0.2 results in an increase of P/BSuc 
around 5 to 12%. The presented solutions in 
Figs. 4(a) to 4(f) can be employed in the 
design process of the suction caisson in 
undrained clay, where an anisotropy effect 
of anisotropic clay is considered. The 
relationship between P/BSuc and a is 
demonstrated in Fig. 5 for the cases of re = 
0.5. It can be seen from Fig. 5 that the 
relationship between P/BSuc and a is linear 
when L/B is larger, but the degree of 
nonlinearity becomes higher when L/B 
decreases. In addition, the slopes of contour 
lines for the cases with larger L/B are higher 
than that of a small one. Finally, Fig. 5 
demonstrates the relationship between 
P/BSuc and re for the cases of L/B = 6. It is 
found that the effect of re on the relationship 
between P/BSuc and re is non-linear. Clearly, 
a larger re value produces a higher 
magnitude of pullout capacity factor. The 
presented solutions of the planar suction 
caissons in anisotropic clays can be 
extensively employed to predict the pullout 
capacity factor for practical design 
purposes. 

 
 

 
(a) 

 
(b) 

Fig.  3.  Examples of planar caissons under 
ultimate pullout load after five adaptive 
meshings: (a) shallow caisson with L/B = 1, and 
(b) deep caisson with L/B = 6. 
 

 
(a) 
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(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Fig. 4. Relationship between P/BSuc and L/B: (a) 
a = 0, (b) a = 0.2, (c) a = 0.4, (d) a = 0.6, (e) a 
= 0.8, and (f) a = 1. 

 
Fig.  5.  Relationship between P/BSuc and a, 
where re = 0.5. 
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Fig.  6.  Relationship between P/BSuc and re, 
where L/B = 6. 

 
5. Use of Design Charts 

In order to apply the proposed design 
charts shown in Figs. 4(a) to 4(f) to find the 
depth of a planar caisson, the following 
input parameters are determined as the 
width of the planar caisson is B = 5 m; the 
undrained shear strengths from triaxial 
compression and extension are Suc = 4 kPa 
and Sue = 3.2 kPa, respectively; the adhesion 
factor at the soil-caisson interface is a = 0.6. 
This planar caisson is subjected to the 
allowable pullout load Pall = 120 kN. The 
factor of safety is defined to be FS = 2 
resulting in the ultimate pullout load being 
P = FS×Pall = 240 kN. Thus, the 
dimensionless parameters of this problem 
can be calculated as: P/BSuc = 12, re = Sue/Suc 
= 0.8 and a = 0.6. Since the a value is 0.6, 
Fig. 4(d) is required to find the ratio of 
depth to width L/B. By searching in Fig. 
4(d) based on the values of P/BSuc = 12 and 
re = 0.8, it can be found that the value of L/B 
is about 4. Hence, the depth of this planar 
caisson must be larger than L = 4B = 20 m. 

 
6. Conclusion 

This paper demonstrates the impact of 
anisotropic undrained shear strengths of soft 
clays on the pullout capacity of planar 
suction caissons. The UB and LB FELA 
techniques are employed to derive the 

pullout capacity factor of this problem, 
where the AUS failure criterion is 
employed. Three dimensionless parameters 
including the ratio of depth to width of 
caissons, adhesion factor, and the ratio of 
undrained shear strength obtained from 
triaxial compression and triaxial extension. 
The influences of these dimensionless 
parameters on the pullout capacity factor are 
illustrated and discussed. The design charts 
for this problem are also proposed for 
general design purposes. An example of the 
use of design charts is also demonstrated in 
the paper. 
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