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Abstract: The uplift capacity factor of cylindrical suction caisson in anisotropic and inhomogeneous
clays considering the adhesion factor at the interface is investigated in this paper. The finite element
limit analysis based on lower bound and upper bound analyses is used for analyzing purposes. The
anisotropic undrained shear model is employed to describe the anisotropic and inhomogeneous clay.
The impact of these dimensionless parameters on the ratio of inhomogeneity or strength gradient
ratio, the adhesion factor, the ratio of depth over diameter, and the ratio of anisotropic undrained
shear strengths on the uplift resistance and the collapse mechanisms of suction caisson foundations
are determined. The multivariate adaptive regression splines technique is employed to access the
sensitivity of all considered dimensionless parameters on the uplift capacity factor and to propose an
empirical design equation as an effective tool for predicting the uplift capacity factor. The results
presented in this paper can be guidance for the preliminary design of suction caissons in anisotropic
and non-homogeneous clays that are useful for engineering practitioners.

Keywords: uplift capacity; caisson; anisotropy; non-homogeneity; limit analysis; MARS

1. Introduction

Offshore geotechnical engineering is concerned with the design and construction of
foundations for structures in the sea (e.g., Mortlock et al. [1]; Mahmoodian [2]). One of
the favorite fixed-platform anchors is a suction caisson widely used to support floating
offshore platforms, such as oil platforms, offshore drilling rigs, offshore wind turbines,
and accommodation platforms to the seafloor at great depths. This suction caisson can
be described as an open-bottomed tube embedded in the marine sediment. To create the
negative pressure at the contact between the cap and skirt of the caisson and the soil, the
water at that contact area is pumped out from the inside of the caisson. An overview of
suction caissons can be found in Randolph and Gourvenec [3].

The field experiments on suction caissons were carried out by Andersen et al. [4] and
Dyvik et al. [5]. The centrifuge model tests were also employed by Clukey and Morrison [6],
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and Cauble [7], to study the behavior of suction caissons. By using several numerical
methods, several researchers perform the numerical investigation of the response of suction
caissons (e.g., Geer [8]; Bransby and Yun [9]; Gourvenec [10]; Gourvenec and Barnett [11];
Yun and Bransby [12]; Mana and Gourvenec [13]; Jin et al. [14]; Liu et al. [15]; Ukritchon
et al. [16]; Keawsawasvong and Ukritchon [17]; Ukritchon and Keawsawasvong [18]).
Among those researchers, Keawsawasvong and Ukritchon [17] and Ukritchon and Keaw-
sawasvong [18] used lower bound (LB) and upper bound (UB) finite element limit analyses
(FELA) (Sloan [19]), which are powerful numerical techniques to derive solutions of the
uplift capacity of suction caissons. Note that the FELA technique combines the theorem
of classical plasticity, the technique of numerical discretization using finite elements, and
mathematical optimization. The true solutions to stability problems can be obtained by
bracketing the lower bound (LB) and upper bound (UB) solutions.

Those previous works are limited to the cases of suction caissons in isotropic clays
obeying the Tresca failure criterion. Ladd [20] proposed that the anisotropic properties of
natural clays could have a significant effect on the capacity of foundations on anisotropic
clays in which the undrained shear strengths of anisotropic clays are directionally depen-
dent. The findings by Ladd [20] and Ladd and DeGroot [21] indicated that the strength of
anisotropic clays significantly depends on three unequal undrained strengths, including
the undrained strengths obtained from triaxial compression, triaxial extension, and direct
simple shear. Recently, by adopting the concept of the generalized Tresca criterion by
Krabbenhoft and Lyamin [22], Krabbenhoft et al. [23] proposed a novel failure criterion
well-known as the anisotropic undrained shear (AUS) failure criterion for anisotropic clays.
In their study, three undrained strengths were acquired from triaxial compression, triaxial
extension, and direct simple shear, and they are computed in this failure criterion.

New solutions for the uplift capacity of cylindrical suction caissons in anisotropic and
inhomogeneous clay with linearly increasing undrained shear strengths are presented in
this paper. To derive the uplift capacity solutions, the LB and UB FELA in conjunction with
the AUS failure criterion are employed. Note that several works using the FELA technique
and various failure criteria for anisotropic clays have been carried out by Ukritchon and
Keawsawasvong [24-28], Keawsawasvong and Ukritchon [29,30], Yodsomjai et al. [31],
Keawsawasvong and Lawongkerd [32], Nguyen et al. [33], Keawsawasvong et al. [34,35],
and Lai et al. [36,37] to compute the stability solutions of several geotechnical problems.
In this paper, the numerical results are presented in the form of design charges and tables
for practical use. The failure mechanisms of cylindrical suction caissons in anisotropic and
inhomogeneous clay were also conducted in the paper to portray the essential effects of all
considered parameters. Furthermore, the sensitivity of each dimensionless input parameter
is investigated using the multivariate adaptive regression splines (MARS) technique. All
FELA results are used as the training data in the MARS model to propose an efficient
equation for engineering practitioners. It is noted that this is the first time a study has been
carried out to investigate the uplift capacity of cylindrical suction caissons in anisotropic
and inhomogeneous clay by using FELA, the AUS model, increasing undrained shear
strengths, and the MARS model.

2. Problem Formulation

A problem definition of a cylindrical suction caisson in clay with linearly increasing
anisotropic shear strength is shown in Figure 1. Due to the symmetry of the cylindrical
suction caisson, only half of the domain is modelled in the FELA analysis. Note that the line
of symmetry is set to be located at the left boundary of the domain. The depth and diameter
of the cylindrical caisson are L and D, respectively. The caisson is assumed to be perfectly
rigid and is subjected to the ultimate uplift load P. The AUS failure criterion with the
associated flow rule (Krabbenhoft et al. [23]) is used as the failure criterion of anisotropic
clay. Three anisotropic undrained shear strengths obtained from triaxial compression (s, ),
triaxial extension (s,rg), and direct simple shear (s,pss) are the input strengths of this
failure criterion. In this study, the clays are assumed to be weightless (e.g., ¥ = 0). Note that
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using the weightless is the common way to compute the pullout capacity in the undrained
analysis since we only consider the part of N, in Terzaghi’s bearing capacity theory. The
same approach has been applied in previous research on stability analysis under undrained
conditions (e.g., references [32-35,38,39]). The adhesion factor («) is also employed to
represent the limiting shear strength at the soil-caisson interface. At the interface, the
anisotropic undrained shear strengths can be defined as s, r¢;, 5,7, and s, pss;, which can
be basically calculated from as, ¢, as,tg, and as,pss, respectively. Note that the range of «
is between zero (fully smooth interface) and one (fully smooth interface).

Cylindrical caisson SuTCo S((Z)
7

>3 2K

I |
: Interface Element :
| Surci = aSurc |
: SUTEI' = aSuTE :
| [
I |
| |

Supssi = aSupss Anisotropic clay:

\ ) | ¥, SuTco, P> Yes s P
| - Ve = SuTe/SutC Surc
|< S Vs = Supss/Surc v o SuDSS
| D/2 p = d(surc)ldz z Depth ™

I
|

:IID <4—— Line of axial symmetry
|

Figure 1. Problem definition of a cylindrical suction caisson in anisotropic and inhomogeneous clay.

According to the research of Krabbenhoft et al. [23] and Ladd [20], two anisotropic
strength ratios for anisotropic clays can be defined as 7. = s,,7¢ /s, 7c and rs = s, pss/s,rc. The
harmonic mean is determined by a relationship between r, and r; (Krabbenhoft et al. [23]),

as follows:
2r,
T =

147, )

As seen in Equation (1), only one anisotropic strength ratio used in the parametric
study is 7. since 7 is a function of 7,. Note that the range of r, varies from 0.5 to 1. Changing
in 7, can cause a change in the formation of the failure surface of the AUS failure criterion
(Krabbenhoft and Lyamin [22]; Krabbenhoft et al. [23]). In addition, the cases of isotropic
clays can be simulated by defining 7, = 1 or s,1¢c = s,7r = s,pss so that the AUS failure
criterion becomes the Tresca failure criterion.

An experimental investigation by Bishop [40] proved that saturated normally consoli-
dated and lightly overconsolidated clays consist of an increment in the undrained strength,
which almost linearly increases with depth. As a result, this study imposes three anisotropic
undrained shear strengths (s, rc, s,1g, and s, pss) to be linearly increased with depth, and
are expressed as:

sutc(z) = sutco + pz ()
SuTE(2) = SuTE0 + Tepz 3)
SuDSS (Z) = SuDsso + ¥spz 4)

where s, 7co, SyTE0, and s,psso denote the anisotropic undrained shear strengths at the
ground surface; p denotes the linear strength gradient; and z denotes the depth measured
from the ground surface.
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By adopting the dimensionless technique, the considered parameters can be reduced
so that four dimensionless input parameters are employed in this study, which can be
written as a function of the uplift capacity factor as follows:

P L oD >
= = —, 0, e, M = 5
AsyTco f<D ¢ SuTCo ©)

a=7p? ©)

where N = P/As,rco represents the uplift capacity factor; L/D represents the ratio of depth
to diameter; a represents adhesion factor at the interface between caisson and clay; m or
oD /s, rco represents the shear strength gradient ratio; and r. represents the anisotropic
strength ratio. The ranges of four dimensionless parameters in all studied cases of the
paper are presented in Table 1. Considering the ranges of parameters can show the effect of
the variability of soil properties in the real design (e.g., references [41,42]). It is useful for
practical engineers in the initial design.

Table 1. Range of parameter.

Parameters Input Values
L/D 0.2,06,1,2,5,10
m = pH/surco 0,02,06,1,2,5
it 0,02,04,0.6,08,1
Te 0.5,0.6,0.7,0.8,09, 1.

3. Modelling of Cylindrical Suction Caisson

The commercial software for the LB and UB FELA, namely OptumG2 [43], is used to
numerically derive the uplift capacity factor of the cylindrical suction caissons in anisotropic
and inhomogeneous clays with linearly increasing strengths. In OptumG2, UB elements
employ six-node elements with the quadratic interpolation of unknown displacements
being continuous between elements, while LB elements employ three-node elements with
the linear interpolation of unknown stresses, where stress discontinuity is permitted to
occur at the shared edges of adjacent triangles [44—46].

The FELA model of a cylindrical suction caisson subjected to a vertical uplift load is
shown in Figure 2. In this paper, the undrained stability analyses of a spherical cavity in
anisotropic clay cover a wide range of input parameters as follows: cover depth L = 0.2-10 m,
D =1 m, soil unit weight = 0, s, 7cp = 4-20 kPa, and r, = 0.5-1. Note that each studied
dimensionless parameter in the following analyses covers a wide range (show in Table 1), as
follows: (1) L/D =0.2-10; (2) m = 0-5; and (3) « = 0-1 (4) r. = 0.5-1. The utilized input values
of each parameter do not affect the solutions to the established dimensionless problem.
The standard boundary conditions are imposed in the FELA analysis for all numerical
models. The efficient technique of automatic mesh adaptivity with shear dissipation control
is activated in Optum@G?2 in order to increase the accuracy of the computed LB and UB
results. Using this technique, meshes will automatically increase in sensitive zones with
high plastic-shearing strain. This study employs five adaptive steps of meshing with an
initial mesh number of 5000 elements and a final mesh number of 10,000 elements. Note
that the final adaptive meshes can be used as the revealed failure mechanisms of cylindrical
caissons in anisotropic and inhomogeneous clay obeying the AUS failure criterion. The full-
tension contact at the soil-structure interface is assumed to simulate the fully developed
suction force between the cap and the skirt of the caisson and the underlying clay. The
ultimate uplift load P is computed using LB and UB FELA analyses in OptumG2. The
ultimate uplift load is then normalized to obtain the uplift capacity factor N according to
the expression in Equation (5).
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Figure 2. Numerical model of a cylindrical suction caisson in OptumG2.

4. Verification

The results of the uplift capacity factor of a cylindrical suction caisson, N, are deter-
mined from LB and UB FELA to be the average solutions, and these results are compared
with previous works. The comparison is the cases of cylindrical suction caissons in homo-
geneous and isotropic clays, where 7, = 1 and m = 0. The obtained results are compared
with the existing results: (i) the results from finite element analysis by Ukritchon et al. [16],
(ii) the results from finite element limit analysis by Keawsawasvong et al. [34]. The com-
parison is shown in Figure 3. It can be seen that the present results are well fitted with the
previous works for all cases of different values of the adhesion factor (x =0, 0.2, 0.4, 0.6, 0.8,
and 1).

60
| —Present study r,= ]
50 I O Keawsawasvong et al. (2021)
[| A Ukritchon et al. (2018) a=1
40 1 =0.8
N 30 _ =0.6
- ~0.4
201 =0.2
10 1, v =0
0 s B B E—
0 2 4 6 8 10
L/D

Figure 3. Comparison of the present study and those available from the literature for the cases of
isotropic and homogenous clays (1. = 1, m = 0).
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5. Numerical Results and Discussion

In this paper, all results of the uplift bearing factor N obtained from the average values
between LB and UB FELA are prepared in Tables 2—4. Figure 4 shows the variation of
the uplift capacity factor N by changing the ratio of depth over diameter L/D for the
cases of « = 0.7 with m = (0, 0.6, 1, 5). As a result, the nonlinear relationship between
the uplift capacity factor N and the ratio of depth over diameter L/D can be observed
for all cases of m and 7,. An increase in L/D yields a nonlinear increase in N. It is due
to the fact that increasing the size of the caisson can directly increase the uplift capacity.
Furthermore, as seen in Figure 4a, the nonlinear relationship is convex while the others
show the concave relationships in Figure 4b—d. The rate of the increase (or gradient of line)
of N in Figure 4b-d is changed to be higher when the value of L/D is approximately larger
than five. Additionally, an increase in the value of 7, and m can produce an increase in N.
The impacts of L/D on the failure patterns of the final adaptive meshes of suction caisson
in anisotropic and inhomogeneous clays for the cases of . = 0.7, « = 1, and m = 5 with
L/D =(1, 2,5, 10) are shown in Figure 5a—d, respectively. The shear dissipation contours
of the suction caisson for the same cases are shown in Figure 6a—d. It can be seen that the
refined mesh contains a large number of elements in the shear failure zones. As the values
of L/D increase, the sizes of the failure patterns increase in both horizontal and vertical
directions. The failure zones start from the bottom of the caisson and go up to the ground
surface. This is the typical failure type of an uplifting foundation. Based on these failure
patterns, it can be concluded that an increase in the size of the failure pattern cooperates
with an increase in L/D.

Table 2. Results obtained from the present analysis for the cases of m =0 and m = 0.2.

m=0 m=2
u L/D Te Te
0.5 0.6 0.7 0.8 0.9 1 0.5 0.6 0.7 0.8 0.9 1
0.2 4.03 4.68 5.29 5.86 6.41 6.93 4.35 5.05 5.70 6.32 6.90 7.46
0.6 4.66 5.40 6.11 6.77 741 8.02 5.38 6.24 7.05 7.81 8.54 9.24
1 5.10 5.93 6.71 7.44 8.14 8.82 6.27 7.28 8.22 9.12 9.97 10.80
00 2 5.92 6.89 7.80 8.67 9.50 10.31 8.31 9.66 10.93 12.14 13.29 14.41
5 7.29 8.51 9.69 10.81 11.90 12.96 14.00 16.32 18.54 20.65 22.72 24.72
10 8.42 9.91 11.35 12.73 14.06 15.36 23.60 27.61 31.45 35.13 38.78 42.33
0.2 4.17 4.84 5.47 6.07 6.63 7.17 4.50 5.22 5.90 6.53 7.14 7.71
0.6 5.04 5.84 6.59 7.30 797 8.62 5.80 6.71 7.57 8.38 9.15 9.89
02 1 571 6.62 7.47 8.26 9.03 9.76 6.95 8.05 9.08 10.05 10.97 11.85
2 7.06 8.17 9.22 10.21 11.15 12.05 9.71 11.24 12.67 14.02 15.31 16.54
5 10.02 11.59 13.07 14.47 15.80 17.08 18.16 21.00 23.70 26.23 28.68 31.02
10 13.80 15.97 18.01 19.92 21.74 23.47 34.48 39.86 4491 49.67 54.30 58.73
0.2 4.31 5.00 5.65 6.26 6.84 7.40 4.65 5.39 6.09 6.74 7.36 7.96
0.6 5.42 6.27 7.07 7.82 8.53 9.21 6.21 7.18 8.09 8.94 9.76 10.53
04 1 6.31 7.30 8.21 9.08 9.90 10.69 7.62 8.81 9.92 10.96 11.95 12.90
2 8.19 9.45 10.63 11.73 12.78 13.79 11.09 12.80 14.39 15.88 17.31 18.67
5 12.74 14.66 16.44 18.11 19.69 21.19 22.29 25.67 28.82 31.77 34.60 37.28
10 19.17 22.02 24.65 27.10 29.40 31.56 45.34 52.07 58.34 64.18 69.78 75.07
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Table 2. Cont.

0.2 4.44 5.15 5.81 6.44 7.04 7.62 4.78 5.54 6.26 6.93 7.57 8.19
0.6 5.79 6.69 7.53 8.32 9.08 9.84 6.62 7.64 8.60 9.50 10.35 11.16
1 6.90 7.96 8.95 9.88 10.76 11.60 8.29 9.56 10.75 11.86 12.92 13.92
06 2 9.32 10.72 12.03 13.25 14.41 15.50 12.46 14.34 16.09 17.73 19.29 20.77
5 15.46 17.72 19.80 21.75 23.57 25.29 26.41 30.31 33.92 37.29 40.49 43.51
10 24.53 28.06 31.29 34.27 37.06 39.65 56.16 64.26 71.74 78.65 85.21 91.38
0.2 4.55 5.28 5.96 6.60 7.22 7.81 4.90 5.68 6.41 7.10 7.76 8.39
0.6 6.16 7.11 8.00 8.83 9.62 10.37 7.01 8.09 9.10 10.04 10.94 11.79
1 7.49 8.63 9.69 10.68 11.62 12.51 8.94 10.31 11.57 12.75 13.87 14.94
08 2 10.44 11.98 13.42 14.76 16.02 17.21 13.82 15.88 17.79 19.57 21.26 22.85
5 18.17 20.77 23.16 25.37 27.44 29.39 30.51 34.93 39.01 42.79 46.36 49.73
10 29.89 34.09 37.92 41.44 44.70 47.73 66.96 76.43 85.11 93.09 100.65 107.65
0.2 4.60 5.34 6.04 6.70 7.33 7.93 4.95 5.75 6.49 7.20 7.87 8.52
0.6 6.46 7.34 8.42 9.30 10.05 10.93 7.33 8.49 9.56 10.55 11.50 12.39
1 7.99 9.24 10.39 11.45 12.45 13.40 9.53 10.99 12.35 13.62 14.75 15.94
1o 2 11.45 13.21 14.79 16.25 17.62 18.91 15.08 17.36 19.45 21.38 23.19 24.90
5 20.82 23.77 26.49 28.98 31.29 33.43 34.49 39.49 44.06 48.25 52.20 55.88
10 35.19 40.08 44.52 48.56 52.30 55.75 77.49 88.42 98.40 107.50 11590 123.80
Table 3. Results obtained from the present analysis for the cases of m = 0.6 and m = 1.
m=0.6 m=1
[ L/D
0.5 0.6 0.7 0.8 0.9 1 0.5 0.6 0.7 0.8 0.9 1
0.2 4.95 5.74 6.48 7.17 7.83 8.46 5.52 6.40 7.22 7.98 8.71 9.41
0.6 6.77 7.84 8.86 9.81 10.72 11.58 8.12 9.41 10.62 11.76 12.84 13.87
1 8.52 9.89 11.16 12.37 13.52 14.62 10.73 12.44 14.05 15.56 17.00 18.38
00 2 12.96 15.05 17.02 18.88 20.66 22.38 17.56 20.39 23.04 25.55 27.95 30.27
5 27.19 31.65 3591 39.95 43.92 47.76 40.32 46.91 53.20 59.17 65.01 70.68
10 53.48 62.47 71.11 79.37 87.57 95.52 83.31 97.29  110.70 123.55 136.25 148.65
0.2 5.12 5.93 6.69 741 8.08 8.73 5.70 6.61 7.45 8.24 8.99 9.70
0.6 7.25 8.39 9.46 10.47 11.42 12.34 8.66 10.02 11.30 12.50 13.63 14.72
1 9.35 10.82 12.20 13.49 14.73 1591 11.70 13.54 15.26 16.88 18.41 19.89
02 2 14.86 17.19 19.39 21.44 23.41 25.30 19.96 23.09 26.02 28.79 31.43 33.96
5 3416 3953 4459 4935 5396 5838  50.12 5799 6539  72.39 79.16  85.64
10 75.32 87.07 98.16  108.60 118.80 12850 116.10 13420 151.30 167.45 183.15 198.15
0.2 5.28 6.12 6.90 7.63 8.33 9.00 5.88 6.81 7.67 8.48 9.25 9.98
0.6 7.72 8.93 10.05 11.11 12.12 13.08 9.19 10.62 11.96 13.22 14.41 15.55
1 10.16 11.74 13.21 14.60 15.92 17.17 12.65 14.62 16.45 18.17 19.81 21.37
04 2 16.74 19.31 21.72 23.97 26.13 28.18 22.32 25.76 28.97 31.99 34.87 37.61
4112 4737 5321 58.68 6394 6894 59.89  68.99 77.51 85.50  93.16  100.50
10 97.07 111.60 125.15 13770 14990 161.40 148.80 171.10 191.80 211.25 229.85 247.55
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Table 3. Cont.

0.2 543 6.29 7.09 7.85 8.56 9.25 6.04 6.99 7.88 8.71 9.50 10.26
0.6 8.18 9.45 10.63 11.74 12.80 13.80 9.71 11.21 12.61 13.93 15.17 16.36
1 10.96 12.65 14.22 15.69 17.09 18.41 13.59 15.68 17.62 19.44 21.17 22.82
06 2 18.59 21.41 24.03 26.48 28.82 31.04 24.67 28.40 31.89 35.15 38.25 41.21
5 48.02 55.16 61.78 67.96 73.85 79.42 69.59 79.95 89.57 98.53 107.10 115.25
10 118.80 136.10 152.00 166.80 180.90 194.10 18140 207.80 23220 254.85 27640 296.75
0.2 5.55 6.43 7.27 8.03 8.77 9.48 6.17 7.15 8.06 8.91 9.73 10.51
0.6 8.64 9.96 11.21 12.36 13.46 14.51 10.22 11.79 13.25 14.62 15.92 17.16
1 11.75 13.54 15.21 16.76 18.24 19.64 14.51 16.72 18.78 20.70 22.52 24.26
08 2 20.42 23.48 26.32 28.97 31.48 33.86 26.97 31.02 34.77 38.28 41.61 4477
5 54.91 62.92 70.32 77.19 83.72 89.87 79.26 90.84 10155 111.50 12095 129.90
10 140.50 160.50 178.85 195.80 211.80 226.80 21390 24445 27250 298.40 322.85 345.80
0.2 5.61 6.50 7.34 8.13 8.89 9.44 6.23 7.22 8.14 9.02 9.85 10.66
0.6 9.01 10.41 11.73 12.95 14.10 15.11 10.63 12.29 13.84 15.28 16.64 17.94
1 12.45 14.38 16.18 17.80 19.36 20.84 15.32 17.68 19.87 21.92 23.84 25.67
1o 2 2212 25.46 28.56 31.41 34.10 36.65 29.11 33.53 37.59 41.36 44.92 48.28
5 61.51 70.54 78.78 86.36 93.52 100.20 88.42 10145 11345 12440 13470 144.45
10 161.55 184.35 20550 224.60 24255 259.25 24535 280.35 31255 341.70 369.00 394.60
Table 4. Results obtained from the present analysis for the cases of m =2 and m = 5.
m=2 m=>5
u L/D Te Te
0.5 0.6 0.7 0.8 0.9 1 0.5 0.6 0.7 0.8 0.9 1
0.2 6.88 7.96 8.97 9.91 10.81 11.66 10.71 12.39 13.93 15.37 16.72 18.00
0.6 11.44 13.25 14.94 16.54 18.04 19.49 21.23 24.59 27.71 30.64 33.43 36.08
1 16.19 18.76 21.18 23.45 25.60 27.67 32.44 37.58 42.40 46.92 51.23 55.35
00 2 29.00 33.64 38.02 42.14 46.10 49.90 63.18 73.31 82.80 91.76  100.35 108.60
5 73.07 84.99 96.34 10715 11760 12790 17130 199.20 22570 250.90 275.50 299.40
10 157.80 18425 209.60 233.85 25790 281.25 381.25 445.10 506.25 564.80 622.80 679.00
0.2 7.09 8.20 9.24 10.21 11.12 12.00 11.00 12.71 14.29 15.77 17.15 18.46
0.6 12.13 14.03 15.81 17.48 19.06 20.57 22.36 25.86 29.12 32.18 35.08 37.85
0.2 1 17.52 20.26 22.83 25.25 27.54 29.74 34.81 40.27 45.37 50.16 54.70 59.07
2 32.64 37.75 42.56 47.07 51.39 55.53 70.53 81.64 92.01 101.75 111.10 120.00
5 89.98 10410 11740 12990 142.00 153.70 209.35 24220 273.15 302.30 330.50 357.60
10 218.05 25210 28420 31455 344.00 37225 52380 605.60 682.80 755.65 826.50 894.25
0.2 7.29 8.43 9.49 10.49 11.43 12.32 11.28 13.02 14.64 16.15 17.56 18.91
0.6 12.79 14.79 16.65 1839  20.04 2162 2345 27.09 3049 33.66 36.68  39.56
04 1 18.80 21.73 24.46 27.01 29.44 31.75 37.14 42.90 48.27 53.32 58.11 62.69
2 36.23 41.81 47.03 51.92 56.60 61.06 77.77 89.82 101.05 11155 121.60 131.20
5 106.75 123.00 138.20 15245 16620 179.25 24720 28495 32020 353.20 385.00 415.20
10 27795 319.70 358.60 39490 429.75 46290 66550 765.55 858.60 945.55 1029.50 1109.00
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Table 4. Cont.

0.2 7.48 8.65 9.74 10.76 11.72 12.65 11.54 13.33 14.98 16.52 17.97 19.35
0.6 13.45 15.53 17.47 19.29 21.01 22.65 24.50 28.29 31.82 35.12 38.25 41.23
1 20.08 23.17 26.05 28.74 31.30 33.74 39.42 45.47 51.12 56.42 61.45 66.24

06 2 39.76 45.82 51.45 56.72 61.75 66.53 84.95 9790 110.00 121.30 132.00 142.30
5 12345 141.80 15895 174.85 190.15 20455 28490 32735 36690 403.85 439.15 472.55
10 33790 387.10 43270 475.00 51525 553.25 807.15 92495 1034.00 1135.00 1231.50 1322.50
0.2 7.64 8.83 9.95 10.99 11.99 12.94 11.76 13.59 15.27 16.85 18.33 19.75
0.6 14.09 16.26 18.27 20.16 21.96 23.66 25.54 29.46 33.11 36.53 39.77  42.86
1 21.32 24.59 27.61 30.44 33.13 35.69 41.64 48.00 53.92 59.46 64.73 69.73
08 2 43.25 49.77 55.82 61.47 66.84 71.93 91.99 10590 118.80 130.85 14230 153.20
5 140.05 160.55 179.55 19720 21395 229.85 32230 369.65 41345 45415 49290 529.55
10 397.60 45430 506.60 554.80 600.45 643.30 94835 1084.00 1209.00 1324.00 1433.00 1535.50
0.2 7.72 8.92 10.05 11.12 12.13 13.10 11.87 13.69 15.41 17.02 18.54 20.00
0.6 14.61 16.89 19.01 20.99 22.86 24.64 26.35 30.48 34.30 37.85 41.24 44.46
L0 1 22.36 25.88 29.09 32.10 34.92 37.60 43.55 50.29 56.56 62.18 67.91 73.15

2 46.48 53.56 60.10 66.13 71.83 77.26 9840 113.60 12740 14025 15240 163.95
5 156.05 178.70 200.00 21935 237.70 254.85 35745 41040 459.45 504.05 546.25 586.00
10 454.80 52035 580.00 63425 685.20 732.85 1084.50 1240.00 1382.50 1512.00 1633.50 1747.50

60 T 300
r m=0.6
50 £ 250 4| a=1
[ r,=1
40 1 200 —09
N 301 N 150 A =038
: =07
20 100 -
¥ =0.6
10 50 - =05
0 0
0 2 4 6 8 10 0 2 4 6 8 10
L/D L/D
(a) (b)
500 2,000
N o m=1 | m=3
o oa=1 | a=1
400 g r,=1 1,500 1 re=1
300 1 =0.9 =09
N Z =08  AJ1,000 ¢ =08
200 1 =07 [ =0.7
100 | =05 500 | =06
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0 2 4 6 8 10 0 2 4 6 8 10
L/D L/D
() (d)

Figure 4. Impact of L/D on the uplift capacity factor N for the cases of « = 1: (a) m =0, (b) m = 0.6,
(c)m=1,(d) m=5.
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Figure 5. Failure patterns of cylindrical suction caissons in anisotropic and inhomogeneous clays for
different values of L/D withr, =0.7,a =1,m=5:(a) L/D=1,(b)L/D=2,(c)L/D =5, (d) L/D = 10.

(a) (b)

Figure 6. Cont.
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(0)

(d)

Figure 6. Comparison of shear dissipations of the cylindrical suction caissons for different values of
L/Dwithr.=0.7,a=1,m=>5: (a)L/D=1,(b) L/D=2,(c) L/D =5, (d) L/D = 10.

The effects of the shear strength gradient ratio m on the uplift bearing factor N for
the cases 7, = 0.5 with different values of « and L/D are depicted in Figure 7. Shown in
Figure 7a—d are cases of L/D = (0.2, 0.6, 2, 5), respectively. A linear relationship between
N and m can be observed for all cases of « and L/D. An increase in m causes a linear
increase in N. This is because the caissons can obtain a more mobilized resistance due to an
increase in the undrained shear strength of the soil with depth. Note that a larger value of
« produces a larger value of N. In addition, together with the growth of L/D, the gradient
of the N and m relationship becomes greater owing to the increase of «. The comparison
of four potential failure patterns (shear dissipation contour) is described in Figure 8 for
various values of m = (0, 1, 2, 5). This comparison is based on the cases of 7, =0.9, L/D =5,
and « = 1. The results show that the failure zone increases as m increases. This finding is
compatible with the results showing an increase of N due to an increase of m.

14 30 T
r,=0.5 bl r.=05
12 ¥lp=0.2 25 f|L/D=0.6
10 a=l i
=038
8
=06
- =06
4 1 =04
2 =0.2
0 - e M
0 1 2 3 4 5
m m
(a) (b)

Figure 7. Cont.
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Figure 7. Impact of m on the uplift capacity factor N for the cases of r. = 0.5: (a) L/D =0.2; (b) L/ D =0.6;
()L/D=2,(d)L/D =5.
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Figure 8. Comparison of shear dissipations of the cylindrical suction caissons for different values of
mwithr,=09,L/D=5,a=1:(am=0,(b)ym=1,(c)m=2,(d) m=5.
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Figures 9 and 10 show the impacts of the adhesion factor of « on the uplift capacity
factor of N and the failure patterns, respectively. As shown in Figure 9, a linear relationship
between N and « is observed for all cases of m = 1 with various values of L/D and r,. The
value of N is not much changed by increasing « for cases of L/D = 0.2, 0.6, 1, 2, except for
cases of L/D =5, 10. This finding shows that the influence of L/D seems to be stronger
than the influence of . In Figure 10, the effect of « on the failure patterns is investigated
through four cases of & = (0.2, 0.4, 0.8, 1) in which the other parameters are fixed as r. = 0.7,
L/D =2,and m = 2. It is found that the variation of « does not significantly influence the
change in failure patterns.

300 T

250 1

200 +
N 150 ¢
100 +

50

400 ¢ 450 ¢
350 400 £
300 § 350 £
250 § 200
: 250 §
N 200 N,
L 150
100 ¢ 100 £
50 £ 50 §
[(Jp S—— —— 0 ; ; ; ;
00 02 0.8 00 02 04 06 08 10
o
(c) (d)

Figure 9. Impact of « on the uplift capacity factor N for the cases of m = 1: (a) r. = 0.5, (b) r. = 0.7
(). =09, (d) r. = 1.

|

{

(a)

Figure 10. Cont.




Sustainability 2022, 14, 4456 14 of 21

(0) (d)

Figure 10. Comparison of shear dissipations of the cylindrical suction caissons for different values of
awithr,=0.7,L/D=2,m=2:(@)a=0,(b)a =04, (c)x =08, (d)a =1.

The impact of the anisotropic undrained shear strength ratio r. on the uplift capacity
factor N is demonstrated in Figure 11 for the cases of « = 1 and different values of m and
L/D. Shown in Figure 11a—d are the cases of L/D = (0.2, 0.6, 2, 10), respectively. The convex
relationship between N and 7, is observed for all cases of m and L/D. The value of N
increases with the rise of 7. due to the increase of the extension of the undrained shear
strength. Additionally, the rate of the increase in N is developed when the value of m is
growing. The influence of 7, on the failure patterns is examined for the cases of #, = (0.5,
0.7,0.9, 1), as shown in Figure 12a—d, respectively. This investigation is based on the cases
ofa=1,L/D =5, and m = 5. The results show that the size of the failure pattern is bigger in
both horizontal and vertical directions when the value of re is greater.

25 T 50
| a=1 45 f[a =il
20 HED=02 20 £LLD=06
[ m=>5
35 A
30 - =2

N 25 -
20 «/ =06
15 //// —02
L ————————

5 4
0

0.5 0.6 0.7 0.8 0.9 1.0

2,000
1,800 4 a=1
Le0o HLD=10
1,400 1
1,200 1

N 1,000 1 =1

800 =06
600 // oy
400 1

0042 ]

0.5 0.6 0.7 0.8 0.9 1.0
L r,

(0) (d)

Figure 11. Impact of 7, on the uplift capacity factor N for the casesof a =1: (a) L/D =0.2, (b) L/D =0.6,
(¢)L/D=2,(d)L/D = 10.
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(c) (d)

Figure 12. Comparison of shear dissipations of the cylindrical suction caissons for different values of
rewitha=1,L/D =5,and m =5: (a) 7. =0.5, (b) r. = 0.7, (¢) 7, = 0.9, (d) . = 1.

6. Empirical Prediction by MARS Model

The above dimensionless parametric studies express that the coupling impacts among
multiple input parameters are enormously complex. Thus, it is necessary to examine
the sensitivity of each parameter on the uplift bearing factor of N. It is noted that the
sensitivity analysis of all input parameters is useful for practical engineering because
it can provide optimization strategies for the initial design of suction caissons. In this
study, the multivariate adaptive regression splines (MARS) technique is applied in the
sensitivity analysis.

MARS is a successful automated regression tool for fitting the relationship between
input and out parameters in multi-dimensions. MARS is considered a curve-based machine
learning model [47-50]. Compared to other machine learning approaches, such as artificial
neutrons networks, Gaussian process regression, stochastic gradient-boosting trees, and
support vector regression, Mars seems to be more effective [47,48]. The concept of the
MARS model is shown in Figure 13. MARS is partitioned data in many data groups that are
suitable for the linear regression model. It aims to simplify a complex nonlinear regression
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to a multi-linear regression. The boundary of each group is determined by Knot values.
The position of the Knot is selected by an adaptive regression algorithm. The regression
line in each data group is mathematically described by the basic function, as shown in
Equation (7) [49,50].

BF = max (0, x — t) =

{x—tifxzt @)

0 otherwise

where x is an input variable and f is a threshold value. The MARS algorithm includes two
main steps. Firstly, MARS generates a number of basic functions, i.e., a number of data
groups to increase the accuracy of the regression. Later, the least effective terms are cleared
using a pruning algorithm based on generalized cross-validation (GCV) [51-53]. To build
the closed-form equation between the input variables and output results, MARS combines

basic functions, as follows:
M

f(x) =ao+)_a;gi(X) (8)
i1

where g7 is the constant, M is the number of BFs, g; is the ith BE, and 4; is the coefficient of
gi. The details of the MARS model can be seen in Zhang [54].

VS

Y (output results)

v

X (input parameter)
Figure 13. The MARS procedure.

Due to the effectiveness of the MARS model in data analysis, it was applied to various
geotechnical issues. For instance, Lai et al. [55] adopted the MARS model to build the
closed-form equation between six input parameters, and their corresponding output results
in their analyses are the behavior of two adjacent open caissons. Furthermore, the impact
of each parameter on their output results was also implemented. Zhang et al. [56] used
MARS in the deep excavation problem to build the correlation equation between five input
parameters and the lateral displacements of retaining walls in clays. Raja and Shukla [48]
applied MARS in investigating the relationship between the settlement of the reinforcement
of soil foundations and eight input parameters. By comparing MARS with four other
machine learning methods, including extreme learning machines (ELM), Gaussian process
regression (GPR), support vector regression (SVR), and stochastic gradient-boosting trees
(SGBT), they suggested that MARS is a better model. In this study, with the muti-input
parameters (four dimensionless input parameters) and the complex relationship between
the input parameters and output uplift bearing factor N, the MARS model is a good
approach to examine the influence of each input and output parameter.

The influence of each parameter can be described through the relative importance
index in MARS. In this study, all 1296 output numerical results of the uplift bearing factor



Sustainability 2022, 14, 4456

17 of 21

N corresponding to the input values of dimensionless parameters (i.e., L/D, 7., a, m),
which are shown in Tables 2—4, are used to access their sensitivities using Mars. Figure 14
demonstrates the relative importance index for all considered dimensionless parameters. It
can be seen that the relative importance index of L/D is 100%, while those parameters such
as m, «, and r, are 90.54%, 37.08%, and 20.81%, respectively. Note that the value of 100%
in the relative importance index expresses that the L/D parameter is the most important
input parameter that has the largest impact on the output value of the uplift bearing factor
N. A smaller value of the relative importance index corresponds to a lesser effect of each
parameter on N.

140

100
100 + 90.54

1

60

40 1

Relative importance index (%)

20.81

L/D m (04 r

Dimensionless input parameters

e

Figure 14. Relative importance index for each dimensionless parameter.

Given the high impacts of the input dimensionless parameters, it is useful to propose
a more efficient tool such as an empirical design equation that can be easily used to predict
the uplift stability factor of a suction caisson in anisotropic and non-homogenous clay. The
multivariate adaptive regression splines (MARS) model is also employed to develop the
empirical equation. The MARS algorithm does not need specific assumptions to show
the correlation relationships between input and output parameters. The optimal equation
f(x) with the smallest GCV value after a pruning algorithm is proposed based on a linear
combination of BFs, as shown in Equation (8).

Note that the set of 1296 numerical results shown in Tables 2—4 is also used as the
training data to propose the empirical design equation. The list of basic functions (BFs)
and the optimal empirical equation to predict the uplift bearing factor N are shown in
Table 5. The comparison between the predicted values of N from the optimal empirical
equation and those from FELA is shown in Figure 15. It can be seen that a high accuracy of
the optimal empirical equation is obtained, where the coefficient of determination (R?) is
very high (about 100%). Note that the use of many basic functions (BFs) can provide more
accurate results. Thus, there are 60 BFs in the design equation in which these functions
can be easily used by engineering practitioners by inputting them into the user-defined
function in Excel Marco.
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Table 5. Basic functions (BF) and mathematical equations in MARS model for uplift bearing factor N.

BF BF Equation BF Equation

BF1 =max(0, L/D — 5); BF19 =max(0, L/D — 2) x BF17; BF39 =max(0,2 — L/D) x BF13;
BF2 =max(0,5 — L/D); BF20 =max(0, 2 — vL/D) x BF17; BF40 =max(0, L/D — 2) x BF37;
BF3 =max(0, m — 0) x BF1; BF21 =max(0, r. — 0.6) x BF4; BF41 =max(0,2 — L/D) x BF37;
BF4 =max(0, & + 5.96046 x 1078) x BF3; BF22 =max(0, 0.6 — r,) x BF4; BF42 =max(0, L/D — 0.6) x BF37;
BF5 =max(0, m — 0); BF23 =max(0, « — 0.6) x BF5; BF44 =max(0, « — 0.8) x BF33;
BF6 =max(0, L/D — 2) x BF5; BF24 =max(0, 0.6 — a) x BF5; BF45 =max(0, 0.8 — a) x BF33;
BF7 =max(0,2 — L/D) x BF5; BF25 =max(0, L/D — 2) x BF24; BF46 =max(0, 7. — 0.9) x BF10;
BF8 =max(0, r. — 0.7) x BF6; BF26 =max(0, 2 — L/D) x BF24; BF48 =max(0, « — 0.2) x BF13;
BF9 =max(0, 0.7 — r.) x BF6; BEF27 =max(0, 7o — 0.7) x BF15; BF49 =max(0, 0.2 — a) x BF13;
BF10 =max(0, « + 5.96046 x 10~8) x BF6;  BF28 =max(0, 0.7 — r,) x BF15; BF50 =max(0, « — 0.8) x BF9;
BF11 =max(0, r. — 0.8) x BF10; BF29 =max(0, L/D — 1) x BF23; BF51 =max(0, 0.8 — a) x BF9;
BF12 =max(0, 0.8 — r,) x BF10; BF30 =max(0,1 — L/D) x BF23; BF52 =max(0, m — 0.6);
BF13 =max(0, r. — 0.5); BF31 =max(0, L/D — 5) x BF18; BF55 =max(0, 0.6 — L/D) x BF52;
BF14 =max(0, & + 5.96046 x 10~8); BF32 =max(0,5 — L/D) x BF18; BF57 =max(0, 0.9 — r,) x BF33;
BF15 =max(0, L/D — 2) x BF14; BF33 =max(0, L/D — 1) x BF5; BF58 =max(0, « — 0.2) x BF57;
BF16 =max(0,2 — L/D) x BF14; BF35 =max(0, L/D — 5) x BF17; BF59 =max(0, 0.2 — a) x BF57;
BF17 =max(0, . — 0.6) x BF5; BF37  =max(0, « + 596046 x 10°8) x BF17; BF60  =max(0, « + 5.96046 x 10~8) x BF39;
BF18 =max(0, 0.6 — 7,) x BF5; BF38 =max(0, L/D — 2) x BF13;

N =7.34338 + 0.260828 x BF1 — 0.586461 x BF2 + 1.55056 x BF3 + 11.9728 x BF4 + 16.2314 x BF5 + 9.13961 x
BF6 — 8.05533 x BF7 — 0.983972 x BF8 — 1.13233 x BF9 + 8.1486 x BF10 + 6.52061 x BF11 — 8.4729 x BF12 +
11.2154 x BF13 + 6.17607 x BF14 + 3.28002 x BF15 — 3.2612 x BF16 + 14.6437 x BF17 — 52.8027 x BF18 + 11.351
x BF19 — 7.22317 x BF20 + 10.0719 x BF21 — 12.5708 x BF22 + 1.71651 x BF23 — 4.13455 x BF24 — 2.20414 x
BF25 + 2.23358 x BF26 + 2.29874 x BF27 — 3.668 x BF28 + 2.0948 x BF29 — 2.13364 x BF30 — 13.8382 x BF31 +
10.4966 x BF32 + 3.28344 x BF33 + 2.3659 x BF35 + 1.94912 x BF37 + 0.48867 x BF38 — 2.67278 x BF39 — 3.96712
x BF40 — 0.989502 x BF41 + 2.07672 x BF42 + 3.32143 x BF44 — 3.44554 x BF45 + 2.48173 x BF46 + 4.8134 x
BF48 — 6.4998 x BF49 — 3.70576 x BF50 + 1.68277 x BF51 — 0.617768 x BF52 + 1.17368 x BF55 — 1.14761 x BF57
— 3.32378 x BF58 + 3.09802 x BF59 — 1.67664 x BF60.
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N, Proposed equation

400

200

0 200 400 600 800 1000 1200
N, Numerical results FELA

Figure 15. Comparison N from the proposed equation and FELA results.

7. Limitation

The LB and UB FELA are used to determine the uplift capacity factor of a suction
caisson in anisotropic and inhomogeneous clay under axisymmetric conditions. Although
this is the first time that the influences of the anisotropic behaviors of clay are carefully
investigated, it is restricted by certain assumptions and should be investigated further
as follows:
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1. All of the computed design charts are restricted with the assumption of undrained
soil conditions, which cannot be used in drained soil conditions;

2. The proposed equation for the uplift capacity factor of a suction caisson in anisotropic

and inhomogeneous clay is suitable for the ranges of dimensionless input parameters,

as presented earlier in Table 1. The results may not be accurate if the input values are

out of these ranges;

The present solutions cannot be used for cases of multi-layered soils;

4. If there are two caissons nearby, the effect of the spacing between these two caissons
should be further analyzed by adopting a three-dimensional FELA approach;

5. Code/guidelines or recommendations for designing the steel or concrete walls of cylin-
drical caissons or cylindrical systems should be carried out as future works. Examples of
similar guidance for designing steel tanks can be found in references [57,58].

w

8. Conclusions

This paper investigates the uplift resistance of suction caisson foundations in anisotropic
and inhomogeneous clays. Through verification with results from the literature, the nu-
merical results of the proposed works are well fitted with the previous solutions. The
parameters considered in this study are m (ratio of inhomogeneity), « (adhesion factor),
L/D (ratio of depth over diameter), and 7, (ratio of anisotropic undrained shear strengths),
which have a strong influence on the uplift resistance of suction caisson foundations. The
results show that the uplift resistance is a nonlinear increase with L/D and r. and a linear
increase with m and « in all investigated cases. The influence of these investigated parame-
ters (m, a, L/ D, and r,) on the failure mechanisms is also determined. The size of the failure
zone increases as L/D and m increase, and there are minor changes as « and 7. increase.

By comparing the sensitivity of each parameter on the uplift resistance factor by em-
ploying the MARS model, the ratio of depth over diameter (L/D) is the most important
one for the ratio of inhomogeneity (), the adhesion factor («) and the ratio of anisotropic
undrained shear strengths (r.), respectively. Based on the MARS model, the efficient empir-
ical design equation is then proposed with a very accurate prediction for all FELA results.
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