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Research paper
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A B S T R A C T

Suction caissons are widely used as foundations for fixed wind turbines, floating wind systems, and subsea 
manifold systems due to their robust capacity to withstand environmental loads. Although the effect of torsion on 
the bearing capacity of suction caisson has been extensively studied, the influence of consolidation has not been 
adequately considered, despite its potential to enhance capacity and serve as a viable method to mitigate the 
reduction caused by torsional loading. This paper investigates the bearing capacity of suction caissons under 
combined V-H-M-T loading and the influence of consolidation on the failure envelope through coupled small- 
strain finite element analyses. A series of expressions for failure envelopes are proposed, and a generalized 
method is introduced to predict the consolidated failure envelope for any degree of preloading and consolidation.

1. Introduction

Suction caissons are steel, open-bottomed bucket foundations that 
are initially penetrated into the seabed under self-weight, forming a 
sealed chamber. Subsequent pumping of water from the interior creates 
a pressure differential between the inside and outside of the caisson, 
enabling full penetration. Owing to its simple and rapid installation 
process, as well as its robust capacity to withstand complex environ
mental loads, suction caissons have been extensively adopted in various 
aspects of offshore engineering. For fixed wind turbines in shallow 
water, they may serve as an independent foundation or be deployed in 
groups to support tripod or jacket substructures. In deep-water floating 
wind turbine systems, suction caissons act as anchoring systems to 
maintain station-keeping (Andersen et al., 2005; Randolph et al., 2011). 
Within the oil and gas industry, they are employed in manifold systems 
to support wellheads or pipeline terminals (Bughi and Parker, 2011). 
Recently, a novel concept has been proposed in which suction caissons 
could function as shared anchor points within offshore wind farms, 
simultaneously mooring multiple floating turbines (Gaudin et al., 2018; 
Herduin et al., 2018).

A substantial body of existing research has focused on the bearing 
capacity of suction caissons under combined VHM loading (Bransby and 
Randolph, 1998; Bransby and Yun, 2009; Alimoradi et al., 2024; Sur
yasentana et al., 2024). However, as the applications of suction caissons 
continue to diversify, the foundation may be subjected to more complex 

environmental loads. For instance, suction caissons serving as manifold 
foundations may experience non-planar forces transferred from the su
perstructure (Nouri et al., 2014); mooring line tensions applied to suc
tion anchors may introduce load inclinations of approximately 5◦ (Fu 
et al., 2021); and misalignment during installation (Newlin, 2012), can 
induce significant torsional loading on suction caissons. These obser
vations highlight the need for further investigation into the torsional 
bearing capacity, which may become a critical factor govern the failure 
of foundation.

Saviano and Pisanò (2017) examined the influence of 
installation-induced misalignment torque on the VH bearing capacity 
envelope of suction caissons and established a relationship between the 
misalignment angle and the subsequent contraction of the envelope. Fu 
et al. (2021) developed a modified suction caisson equipped with 
anti-rotational fins and systematically evaluated the resulting 
enhancement in torsional capacity. Chen et al. (2023) investigated the 
undrained combined bearing capacity of caissons with aspect ratios up 
to 1 under fully three-dimensional loading conditions across various soil 
profiles. Liu et al. (2023) extended this work to higher aspect ratios 
(L/D = 1 − 2), exploring the failure envelopes under combined VHM 
loading and specifically assessing the effect of torsion on the shape and 
size of the VHM capacity surface.

Existing research outputs consistently indicate that the application of 
torsional loading reduces the bearing capacity of foundations, under
scoring the necessity of accounting for torsion during the design phase. 
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Conventional design practices typically compare the foundation’s ca
pacity with the worst-case loading conditions to determine its geometry 
and size, yet often overlook the beneficial effects of consolidation, which 
can enhance the foundation bearing capacity. In offshore engineering, a 
period of several months may elapse between foundation installation 
and operational service. During this time, the soil beneath the founda
tion undergoes consolidation under the self-weight of the foundation 
and superstructure, leading to an increase in soil strength and conse
quently improved foundation capacity. Beyond passive preloading 
under self-weight, active preloading methods, such as ballasting or 
applying suction at the foundation base, can also be employed to provide 
additional safety margins (Randolph and Gourvenec, 2011). Bransby 
(2002) investigated the undrained inclined load capacity of surface strip 
foundations after preloading and consolidation, proposing a 
work-hardening law that relates capacity enhancement to consolidation 
settlement. Gourvenec et al. (2014) extended this framework by intro
ducing a simplified method using critical state soil mechanics to predict 
the consolidated undrained bearing capacity of shallow foundations on 
soils with varying over-consolidation ratios (OCR), expressed as a 
function of preload magnitude and duration. Feng and Gourvenec 
(2015) applied this approach to study the consolidated failure envelope 
of rectangular surface foundations under combined loading in six de
grees of freedom and observed that the expanded failure envelope 
post-consolidation maintains a shape similar to the unconsolidated en
velope. Vulpe et al. (2016) examined the influence of aspect ratio on the 
consolidated failure envelope of skirted circular foundations and intro
duced a new scaling factor incorporating aspect ratio to accurately 
predict the capacity under various geometries. Fu et al. (2018) explored 
the effects of preload degree and consolidation time on the combined 
capacity of a caisson foundation with an aspect ratio of 0.2 under 
different soil heterogeneity conditions, noting that heterogeneity 
significantly influences the shape of the consolidated envelope.

Despite these advances, the consolidated failure envelope of suction 
caissons under combined loading including torsion has received limited 
attention, even though it may improve overall capacity and counteract 
the reduction induced by torsion. Incorporating consolidation effects 
resulting from self-weight or preloading into design not only provides 
additional safety margin for extreme loading but may also allow 

foundation size optimization based on environmental conditions, both 
of significant interest in offshore engineering.

This study conducted a series of three-dimensional coupled small- 
strain finite element analyses to investigate the expanded failure enve
lope of a suction caisson in normally consolidated clay after consolida
tion. With using the theoretical framework of critical state soil 
mechanics, the increase in undrained uniaxial capacities post- 
consolidation is predicted, and a method is proposed to estimate the 
consolidated failure envelope as a function of preload degree and 
consolidation duration.

2. Numerical analysis

All the three-dimensional small strain analyses are carried out on 
commercial code Abaqus (Dassault Systèmes, 2014).

2.1. Finite element model

In this study, a full soil domain model was adopted to account for the 
effect of torsional loading. Half of the finite element mesh is illustrated 
in Fig. 1. Given that suction caissons used as foundations for pipeline 
systems in deep-water oilfields typically exhibit aspect ratios between 1 
and 2 (Liu et al., 2023), an impermeable rigid suction caisson with a skirt 
length L = 15 m and diameter D = 10 m was considered, resulting in an 
aspect ratio of 1.5. The skirt thickness tw was set to 0.05 m for all ana
lyses, yielding a diameter-to-thickness ratio D/tw of 200, which falls 
within the typical range for in-situ steel suction caissons (D/tw = 100 −

500) (Bye et al., 1995; Zhang et al., 2024). The reference point (RP) was 
defined at the midpoint of the foundation skirt tip level, where both 
preload and displacements were applied (Fig. 1).

The soil domain extended 10D in diameter and 6D in depth, di
mensions sufficiently large to minimize boundary effects (Hung and 
Kim, 2012). The soil was discretized using first-order full integration 
stress–pore fluid continuum elements (C3D8P in Abaqus/Standard). A 
refined mesh with a minimum element size of 0.01D was employed 
around the foundation, transitioning gradually to coarser elements in 
remote regions to balance computational accuracy and efficiency. The 
top surface of the soil was assigned as a permeable drainage boundary to 

Fig. 1. Half-view of the finite element mesh for suction caisson.
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allow dissipation of excess pore pressure during consolidation. All 
external boundaries were constrained in their normal directions. The 
soil–foundation interface was modeled as fully bonded, leading to rough 
in shear and no detachment permitted.

2.2. Soil properties

The numerical analyses were performed using the Modified Cam- 
Clay (MCC) soil model implemented in Abaqus. The soil parameters 
are adopted from the elemental tests of kaolin clay (Steward, 1992) 
(Table 1). The soil was considered to be K0 consolidated with K0 = 1−
sin φ = 0.61. The initial void ratio e0 can be described by: 

e0 = eN − κ ln pʹ
0 − (λ − κ)ln ṕc0 (1) 

where ṕ0 is the initial mean normal effective stress, ṕc0 is the initial pre- 
consolidation pressure. Then the initial coefficient of consolidation cv0 
can be expressed as: 

cv0 =
k(1 + e0)pʹ

0
λγw

(2) 

where γw is the unit weight of water, the undrained shear strength 
profile can be deduced from the MCC parameters as (Wroth, 1984): 

su

σν́
=

Mcs cos θ
̅̅̅
3

√

(
ṕc0
2pʹ

0

)λ− κ
λ 1 + 2K0

3
(3) 

where θ is Lode’s angle, taken as – 30◦ for triaxial compression 
conditions.

2.3. Analysis procedure

Prior to consolidation analysis, the foundation was first subjected to 
vertical displacement-controlled loading until failure to determine its 
undrained unconsolidated bearing capacity Vu. Subsequently, a pre
defined fraction of Vu was applied as a preload Vp to the foundation. 
Following preloading, the foundation was maintained under constant 
load while excess pore pressure dissipation was permitted until the 
target degree of consolidation was achieved. Upon completion of 
consolidation, displacement-controlled loading was applied to the 
foundation to determine its consolidated uniaxial capacities.

The combined bearing capacity is evaluated using either the side
swipe test or the constant-ratio displacement-controlled probe test. The 
sideswipe test can determine the capacity surface in the VH, VM, or VT 
plane within a single analysis. In this method, the foundation is first 
loaded under vertical displacement until it reaches its vertical bearing 
capacity. Subsequently, while maintaining the vertical displacement 
constant, horizontal displacement or rotation is applied (Tan, 1990). 
The sideswipe test is stably implemented in Abaqus and does not require 
pre-calculation and setting of displacement increments for multiple 
discrete stages, as in the sequential swipe test. Moreover, according to 
Suryasentana et al. (2020) and Fan et al. (2023), the time required for 
the sequential swipe test is significantly longer than that for the side
swipe test. In Suryasentana’s study, all calculations for a caisson 

foundation took only 23 h using the sideswipe test, whereas the 
sequential swipe test required 59.5 h, that is nearly three times longer. In 
Fan’s study, a single calculation for a caisson foundation took only 21.5 
min with the sideswipe test, while the sequential swipe test required at 
least 144.8 min. Therefore, for the extensive finite element cases in this 
paper, the sideswipe test is the most efficient method while ensuring 
computational accuracy. Capacity surfaces in other planes are tracked 
using the constant-ratio displacement-controlled probe test. Each anal
ysis with a fixed displacement ratio can identify only one point on the 
capacity surface, therefore, multiple analyses are typically required to 
fully define the complete capacity surface within a given plane (Bransby 
and Randolph, 1998; Gourvenec and Randolph, 2003).

3. Validation

Since obtaining the consolidated failure envelope of suction caissons 
requires ensuring the accuracy of both the uniaxial capacities before and 
after consolidation, as well as the unconsolidated combined bearing 
capacity envelope, this section validates the uniaxial and combined 
capacities obtained in this study through comparisons with existing 
research results.

3.1. Uniaxial capacity

To validate the accuracy of the uniaxial capacity of the suction 
caisson, the consolidated uniaxial capacity analyses was conducted to 
replicate the centrifuge test of a preloaded skirted foundation by Fu et al. 
(2015). In the centrifuge test a preloaded skirted foundation was 
penetrated in UWA kaolin clay at various preload Vp with different 
consolidation time tc to investigate the gain in bearing capacity after 
preloading and consolidation. A circular skirted foundation with a 
diameter of 70 mm and skirt length of 14 mm was first embedded into 
the soil under 1g acceleration. Subsequently, load-controlled loading at 
200g acceleration was applied to achieve the target preload Vp, which 
was maintained for a specified consolidation period t. Upon reaching the 
predetermined consolidation degree U, displacement-controlled pene
tration was implemented until a failure state was attained. Fig. 2 shows 
the bearing capacity factor (Ncv = V/Asu0, A is the cross-sectional area of 
the foundation, su0 is the undrained shear strength at the skirt tip level) 
of the skirted foundation under two conditions: no preload no consoli
dation and 0.5 times ultimate bearing capacity preload with 0.6 
consolidation degree. The numerical results show good agreement with 
the centrifuge tests.

Table 1 
Soil parameters of Malaysian kaolin clay.

Parameters Value

Slope of critical state line (CSL) in p’ − q space, Mcs 0.9
Critical friction angle in triaxial compression, φʹ 23◦

Saturated bulk unit weight, γsat 16.0 kN/m3

Poisson ratio, υ 0.3
Permeability of soil, k 1.3 × 10− 9 m/s
Virgin compression index, λ 0.205
Swelling and recompression index, κ 0.044
Void ratio at p’ = 1 kPa on virgin consolidation line (VCL), eN 2.252

Fig. 2. Comparison of finite element results and centrifuge measurements on 
the post-consolidation bearing capacity factor Ncv
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3.2. Combined capacity

Fig. 3 presents the VH and HM failure envelopes of a skirted circular 
foundation with an aspect ratio L/D = 0.2, subjected to a preload Vp =

0.5Vu and allowed to fully consolidate. The solid black line represents 
the failure envelope of the foundation without preloading, while the 
solid red line corresponds to the failure envelope after preloading and 
consolidation. It is evident that the finite element results from this study, 
both for the unconsolidated and preloaded with consolidated cases, 
show excellent agreement with the existing results reported by Fu et al. 
(2018). Additionally, the VH failure envelope obtained using the probe 

test is superimposed in Fig. 3a. The close alignment between this en
velope and the one derived from the sideswipe method further validates 
the finite element model employed in this study.

4. Consolidated undrained uniaxial capacities

4.1. Undrained uniaxial capacities following full primary consolidation

The load-settlement responses of the caisson foundation under un
consolidated undrained conditions and after preloading with Vp/Vu 
ranging from 0.3 to 0.7, followed by full consolidation, are illustrated in 

Fig. 3. Comparisons of the failure envelopes under: (a) V-H loading; (b) H-M loading.

H.R. Li et al.                                                                                                                                                                                                                                     Ocean Engineering 343 (2026) 123432 

4 



Fig. 4. In the unconsolidated undrained case, the normalized vertical 
load V/Vu reaches a plateau at 1.0 without further increase. When the 
suction caisson is subjected to preloading and maintained for a certain 
period, settlement occurs due to consolidation. After consolidation is 
complete, the bearing capacity during re-penetration typically increases 
by a fraction proportional to the preload level. For surface rectangular 
footings or skirted foundations with low aspect ratios, the increase in 
vertical bearing capacity (V/Vu − 1) is generally consistent with the 
magnitude of the preload Vp (Feng and Gourvenec, 2015; Fu et al., 
2018). This is because the soil region that experiences strength gain from 
the dissipation of preload-induced excess pore pressure substantially 
overlaps with the failure mechanism mobilized during subsequent ver
tical loading, allowing for a nearly full realization of the potential ca
pacity increase. However, for skirted foundations with higher aspect 
ratios, such as the suction caisson with L/D = 1.5 examined in this study, 
the gain in capacity does not fully reach the applied preload Vp (Fig. 5). 
This can be attributed to the longer skirt, which, although having limited 
influence on the vertical extent of excess pore pressure which typically 
distributed up to 0.5D below the skirt tip (Gourvenec and Randolph, 
2010; Zhang et al., 2024), significantly restricts the lateral dissipation of 
excess pore pressure beneath the foundation. Moreover, the extended 
skirt increases the share of penetration resistance contributed by skirt 

friction, reduces the contact pressure at both the top lid and the skirt tip, 
thereby restricting the development of excess pore pressure within the 
skirt compartment. As a result, the overlapping area between the 
foundation failure mechanism and the zone of soil strength improve
ment is diminished, the enhancement in bearing capacity after consol
idation is reduced.

Fig. 6 illustrates the enhancement in bearing capacity of the suction 
caisson under different loading directions after full consolidation at 
various preload degrees. The smallest gain was observed in the vertical 
direction as the failure mechanism of the vertically loaded foundation 
exhibits the least overlap with the zone of soil strength improvement 
compared with other loading directions, resulting in the smallest 
enhancement in vertical bearing capacity. For foundations subjected to 
vertical preloading and subsequent consolidation, Gourvenec et al. 
(2014) proposed a method to predict the increase in bearing capacity 
based on the gain in operative undrained strength. After preloading and 
consolidation, the improvement in shear strength of the soil beneath the 
foundation can be expressed as: 

Δsu = fsu fσR
Vp

A
(4) 

where fsu is a shear strength factor to account for the non-uniform dis
tribution of the increase in shear strength, fσ is a stress factor to account 
for the non-uniform distribution of stress in the soil zone affected by 
preload, R is the normally consolidated undrained strength ratio su ⁄σv́ 
accounting for different soil properties(Eq. (3)). In normally consoli
dated soils, the scaling factor fsu fσ is independent of both foundation 
geometry and soil properties so it can be treated as a single unified 
parameter for simplicity. The enhancement in bearing capacity after full 
consolidation can be derived directly from the increase in shear 
strength, as expressed by the following relationship: 

Vf

Vu
,
Hf

Hu
,
Mf

Mu
,
Tf

Tu
= 1 +

Δsu

su
= 1 + fsu fσRNcv

Vp

Vu
(5) 

By applying this approach, the enhancement in bearing capacity 
under various preload degrees and loading directions was fitted, as 
shown in Fig. 6. It is evident that Eq. (5) fails to accurately capture the 
variation of capacity increase with preload degree. The results exhibit a 
quadratic growth trend, with a significantly lower rate of increase at low 
preload degree (Vp/Vu = 0.1) compared to higher preload degrees. This 
behavior can be attributed to the fact that the volumetric change 
induced by elastic compression under low preload degrees is substan
tially smaller than that caused by plastic compression at higher preload 
levels. As a result, the improvement in soil strength beneath the foun
dation remains limited under small preload magnitudes (Fu et al., 2015). 
This quadratic growth trend is typically observed in foundations with 
aspect ratios L/D greater than 0.5(Vulpe et al., 2016; Fu et al., 2017). 
The extended skirt further diminishes the modest strength improvement 
resulting from low preload degrees. If it is assumed that the enhance
ment in soil strength or post-consolidation bearing capacity initiates 
from a preload level βVu that is lower than the unconsolidated undrained 
capacity, or if the case of Vp/Vu = 0.1 which is less useful in practical 
engineering is excluded, Eq. (5) can be reformulated as follows 
(Gourvenec et al., 2014; Zhang et al., 2024): 

vf , hf ,mf , tf =
Vf

Vu
,
Hf

Hu
,
Mf

Mu
,
Tf

Tu
= 1 + fsu fσRNcv

(
Vp

Vu
− β

)

(6) 

For notational convenience, the normalized capacities after full 
consolidation relative to the unconsolidated undrained bearing capacity 
are denoted as vf , hf ,mf , tf for vertical, horizontal, moment, and torsional 
loading, respectively. Based on the finite element results, the values of 
the scaling factor fsu fσ and the parameter β in Eq. (6) were determined 
and are summarized in Table 2. As illustrated in Fig. 6, the proposed 
expression provides a more accurate prediction of the enhancement in 
uniaxial bearing capacity after consolidation for suction caissons with an 

Fig. 4. Load-settlement response following preloading and full primary 
consolidation.

Fig. 5. Normalized gain in capacity after full consolidation.
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aspect ratio L/D = 1.5.

4.2. Undrained uniaxial capacities following partial consolidation

In practice, due to constraints in the construction schedule, foun
dations often enter service before full consolidation is achieved. 
Therefore, the ability to accurately predict the bearing capacity under 
partial consolidation is of significant practical importance. Establishing 
the time-settlement response of the suction caisson as a function of the 
preload degree is an essential prerequisite. Fig. 7 illustrates the time- 
settlement behavior of the caisson foundation under different preload 
levels. The dimensionless time factor Ts can be expressed as: 

Ts =
cv0tc
D2 (7) 

The consolidation settlement of the foundation, when normalized by 

Fig. 6. Uniaxial capacities gain due to preloading and full primary consolidation in: (a) vertical; (b) horizontal; (c) moment; (d) torsional directions.

Table 2 
Parameters for predicting the consolidated capacity gain.

Vf/

Vu

Hf/Hu Mf/Mu Tf/Tu

fsu fσ 0.64 0.81 0.96 0.86
β 0.076 0.120 0.146 0.151

Fig. 7. Time-settlement response of the suction caisson under different pre
load degree.
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the final consolidation settlement, can be represented as a hyperbolic 
function of the dimensionless time factor Ts, which can effectively 
capture the consolidation response under different preload degrees, as 
expressed by: 

U =
w
wf

=
1

(

1 + Ts
T50

)Λ (8) 

where T50 denotes the value of the dimensionless time factor when the 
consolidation settlement reaches half of the final value, taken as 0.023 in 

Fig. 8. Capacity gain against degree of consolidation in: (a) vertical; (b) horizontal; (c) moment; (d) torsional directions.

Fig. 9. Contours of shear strength gain (Vp /Vu = 0.5
)

at intervals of 0.2Δsu/su0
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this study, and Λ is a fitted constant with a value of − 0.82.
Following an extension of the work-hardening rule proposed by 

Bransby (2002), which links consolidation settlement to bearing ca
pacity, Gourvenec et al. (2014) introduced a relationship between 
normalized bearing capacity enhancement and the degree of consoli
dation to predict the magnitude of capacity improvement. Fig. 8 illus
trates the relationship between the increase in bearing capacity and the 
degree of consolidation under different preload levels. It can be observed 
that the enhancement in bearing capacity generally exhibits a nearly 1:1 
linear relationship with the degree of consolidation. However, under 
higher preload degrees (Vp/Vu > 0.4), the torsional capacity initially 
decreases and then increases with the degree of consolidation, following 
a quadratic trend, which can be attributed to the extent and distribution 
of shear strength improvement in the soil beneath the foundation.

Fig. 9 presents contours of the normalized increase in shear strength, 
Δsu/su0, under a preload of Vp = 0.5Vu at various consolidation degrees. 
The enhancement in soil shear strength results from the dissipation of 
pore water and the consequent reduction in void ratio. In the MCC 
model, the increase in shear strength Δsu/su0 can be expressed as follows 
(Stanier and White, 2019): 

Δsu

su0
=

suf

su0
− 1 = exp

(e0 − e
λ

)
− 1 (9) 

where Δsu represents the difference between the post-consolidation 
shear strength suf and the initial shear strength su0, e0 denotes the 
initial void ratio, e is the void ratio after consolidation, and λ is the virgin 
compression index. Additionally, the general expression for the ultimate 
torsional capacity of the caisson foundation in normally consolidated 
soil is given as follows for better explanation: 

TNC =
πρL2D2

4
+

πρLD3

12
(10) 

where ρ is the undrained shear strength gradient with depth. As indi
cated in Eq. (10), the bearing capacity of the caisson foundation is pri
marily contributed by the shear strength of the soil along the external 
skirt wall and beneath the foundation lid. During the early stages of 
consolidation, the zone of shear strength improvement is mainly 
concentrated near the skirt tip, contributing little to the enhancement of 
torsional capacity (Fig. 9). Moreover, higher preload degree can lead to 
a reduction in the foundation’s torsional resistance. Consequently, 
under significant preload conditions, the torsional capacity of the cais
son may initially decrease compared to that of the no-preload founda
tion. As the degree of consolidation increases, the shear strength of the 
soil inside the caisson and along the external skirt gradually improves, 
leading to a subsequent enhancement of the torsional capacity. For the 
cases with preload degrees between 0.4 and 0.7, the relationship be
tween the increase in torsional capacity and the degree of consolidation 
can be fitted by the following expression: 

T − Tu

Tf − Tu
= 1.47U − 0.47 (11) 

Based on the relationship between bearing capacity enhancement 
and the degree of consolidation shown in Fig. 8, the dimensionless in
crease in bearing capacity normalized by the unconsolidated undrained 
bearing capacity after partial consolidation can be derived as follows: 

vp =
V
Vu

= 1 + U
(

Vf

Vu
− 1

)

= 1 + U
(
vf − 1

)
(12a) 

hp =
H
Hu

= 1 + U
(

Hf

Hu
− 1

)

= 1 + U
(
hf − 1

)
(12b) 

mp =
M
Mu

= 1 + U
(

Mf

Mu
− 1

)

= 1 + U
(
mf − 1

)
(12c) 

For 0 < Vp/Vu < 04: 

tp =
T
Tu

= 1 + U
(

Tf

Tu
− 1

)

= 1 + U
(
tf − 1

)
(12d) 

For 0.4 ≤ Vp/Vu ≤ 0.7: 

tp =
T
Tu

= 1 + (1.47U − 0.47)
(

Tf

Tu
− 1

)

= 1 + (1.47U − 0.47)
(
tf − 1

)

(12e) 

5. Consolidated undrained capacity under V-H-M-T loading

5.1. V-H loading plane

Fig. 10a presents the dimensionless VH failure envelopes of the 
caisson foundation after full consolidation under different preload de
gree, where both vertical and horizontal loads are normalized by the 
unconsolidated undrained bearing capacity. This study considers four 
distinct preload degrees (Vp/Vu = 0.1,0.3,0.5,0.7) and five degrees of 
consolidation U = 0.2,0.4,0.6,0.8,1.0. The failure envelopes were fitted 

Fig. 10. Failure envelope for combined V-H loading with: (a) varying preload 
degree (b) different duration of preloading.

H.R. Li et al.                                                                                                                                                                                                                                     Ocean Engineering 343 (2026) 123432 

8 



based on results obtained from swipe tests or probe tests. For further 
validation, existing failure envelopes for suction caissons with an aspect 
ratio of 1.5 are also plotted in Fig. 10a to ensure the accuracy of the 
reference envelope representing the unpreloaded and unconsolidated 
condition.

The innermost envelope corresponds to the failure envelope of the 
caisson without preloading, which can be described using a piecewise 
function (Gourvenec, 2008):

For V/Vu < 0.2: 

H
Hu

= 1 (13a) 

For 0.2 ≤ V/Vu < 1.0: 

V
Vu

= 0.2 + 0.8
[

1 −

(
H
Hu

)2.7]0.5

(13b) 

Compared to the unconsolidated condition, the failure envelopes 

after preloading and full consolidation expand to varying degrees, 
reflecting the enhancement in bearing capacity due to consolidation. 
However, this expansion is not proportional, as the increases in un
drained uniaxial capacities are not uniform across different loading di
rections. This is evident in the intercepts of the envelope along the 
coordinate axes, which represent the improvements in vertical and 
horizontal bearing capacities under the given preload level. Therefore, 
the failure envelope after full consolidation under any preload degree 
can be obtained by replacing Vu and Hu in Eq. (13) with vVu and hHu, 
respectively:

For V/Vu < 0.2v: 

H
Hu

= h (14a) 

For 0.2v ≤ V/Vu < 1.0v: 

V
Vu

= v

{

0.2 + 0.8
[

1 −

(
H

hHu

)2.7]0.5}

(14b) 

Note that when determining the failure envelope after full consoli
dation, the parameters v and h in Eq. (14) and the subsequent expres
sions for failure envelope in other loading planes should be taken as the 
gains in uniaxial capacities after full consolidation, denoted vf and hf 

(Eq. (6)). Similarly, for the failure envelope under partial consolidation, 
the corresponding gains vp and hp (Eq. (12)) should be used.

The failure envelopes of the caisson foundation under partial 
consolidation are plotted in Fig. 10b. As with the fully consolidated case, 
the expansion of these envelopes is non-uniform, reflecting the differing 
degrees of enhancement in uniaxial capacities along various loading 
directions during partial consolidation. The proposed expression in Eq. 
(14) effectively captures the shape of the partially consolidated failure 
envelopes when the gains vp and hp are incorporated.

5.2. V-M loading plane

The normalized VM failure envelopes are depicted in Fig. 11. Similar 
to previous observations, the expansion of these envelopes is non- 
uniform; however, the shapes of the expanded envelopes remain 
geometrically similar to that of the no-preload and unconsolidated case. 
This indicates that the consolidated failure envelopes can be expressed 
as a function of the unconsolidated undrained failure envelope scaled by 
the gains in consolidated undrained uniaxial capacities. The unconsol
idated envelope remains the smallest. The intercepts of the expanded 
envelopes on the coordinate axes are determined by the increases in 
undrained uniaxial capacities after consolidation. The unconsolidated 
failure envelope can be fitted using a simple power function: (Gourvenec 
and Randolph, 2003): 

V
Vu

=

(

1 −
M
Mu

)a

(15) 

For the unconsolidated VM failure envelope, the value of a is pri
marily influenced by the aspect ratio L/D of the suction caisson and 
shows little correlation with soil strength heterogeneity, a higher aspect 
ratio corresponds to a smaller value of a. Fu et al. (2018) investigated the 
failure envelopes of suction caissons with an aspect ratio of 0.2 under 
varying soil strength heterogeneity and found that a = 0.24 provides the 
best fit. For caissons with aspect ratios between 0 and 1.0, Chen et al. 
(2023) observed that a constant value of a = 0.25 accurately describes 
the lower bound of the VM failure envelope. For caissons with aspect 
ratios ranging from 1.0 to 2.0, the size of the failure envelope remains 
similar, and a constant value of a = 0.18 can effectively represent the 
VM failure envelope (Liu et al., 2023). In this study, a = 0.20 was found 
to best fit the VM failure envelope of the suction caisson with an aspect 
ratio of 1.5. The expanded failure envelope after consolidation can be 
expressed as: 

Fig. 11. Failure envelope for combined V-M loading with: (a) varying preload 
degree (b) different duration of preloading.
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V
vVu

=

(

1 −
M

mMu

)0.2
(16) 

As shown in Fig. 11, Eq. (16) provides a good fit to the consolidated 
VM failure envelopes.

5.3. V-T loading plane

The failure envelopes under combined VT loading are presented in 
Fig. 12. The expansion of these envelopes is highly non-uniform, pri
marily due to the limited gain in torsional capacity after consolidation at 
lower preload degrees. The unconsolidated failure envelope can be 
expressed as: 
(

V
Vu

)7

+

(
T
Tu

)1.56

= 1 (17) 

Similar to VH and VM failure envelope, the consolidated failure 
envelope in VT loading plane can be expressed as: 
(

V
vVu

)7

+

(
T

tTu

)1.56

= 1 (18) 

Fig. 13 illustrates the influence of different preload degrees and 
consolidation durations on the VT failure envelopes. Fig. 13a shows the 
envelopes at a preload degree of 0.1 under varying degrees of consoli
dation. It can be observed that the torsional capacity remains almost 
unchanged after consolidation. Furthermore, the finite element results 
for different preload degrees nearly all fall on the fitted curve of the VT 
envelope at U = 1, indicating that at very low preload levels, the bearing 

Fig. 12. Failure envelope for combined V-T loading with varying pre
load degree.

Fig. 13. Effects of duration of preloading on V-T failure envelope under different preload degree.
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capacity increases rapidly with consolidation time. This behavior is 
reasonable, as the low preload generates limited excess pore pressure 
distributed over a small area, which dissipates quickly. However, this 
rapid stabilization does not occur at higher preload levels (Fig. 13a and 
b).

When the preload is higher and the consolidation time is short, the 
VT failure envelope may contract. This phenomenon is related to the 
reduction in torsional capacity under high preload degrees at low de
grees of consolidation, as discussed earlier. The unconsolidated failure 
envelope reveals that torsional capacity begins to decrease when the 
vertical load exceeds 0.4 Vu. If the increase in capacity due to soil 
strength improvement is insufficient to offset this reduction, contraction 
of the envelope occurs (Fig. 13c and d).

Eq. (18) effectively captures both the expansion and contraction of 
the failure envelope under various conditions. It should be noted that at 
low preload degrees, although the envelope expands rapidly, the 
magnitude of expansion is limited. In such cases, the unconsolidated 
failure envelope may be conservatively adopted for design purposes.

5.4. Combined V-H-M failure envelope

The normalized H-M failure envelope after full consolidation under 
different preloading ratios are presented in Fig. 14,the unconsolidated 
failure envelope can be described by (Taiebat and Carter, 2005; Vulpe 
et al., 2014): 
⃒
⃒
⃒
⃒
H
Hu

⃒
⃒
⃒
⃒

1.95

+

⃒
⃒
⃒
⃒
M
Mu

⃒
⃒
⃒
⃒

1.95

− δ
HM

HuMu
= 1 (19) 

where δ is a fitting parameter related to the preload degree, taken in this 
study as δ = 1.53 − 0.2

(
Vp /Vu

)
. The expanded failure envelope after 

consolidation can be represented as: 
⃒
⃒
⃒
⃒

H
hHu

⃒
⃒
⃒
⃒

1.95

+

⃒
⃒
⃒
⃒

M
mMu

⃒
⃒
⃒
⃒

1.95

− δ
HM

hHumMu
= 1 (20) 

It can be observed that Eq. (20) slightly overestimates the bearing 
capacity of the caisson at a preload degree of 0.7. However, such high 
preload levels are uncommon in practical engineering, so this over
estimation does not significantly affect the applicability of the results.

Fig. 15 illustrates the influence of consolidation time on the H-M 
failure envelopes at preload degrees of 0.3 and 0.5. Clearly, the expan
sion of the failure envelopes with consolidation time is proportional, and 
higher preload degrees lead to greater expansion. At a preload degree of 

0.3, the expansion of the envelope remains limited, and a slight 
contraction occurs during the early stages of consolidation. This 
behavior is similar to the contraction observed in the V-T failure enve
lopes. When the caisson subjected to a vertical load that is a certain 
proportion of its ultimate vertical bearing capacity, the HM failure en
velope will contract to a corresponding extent based on the magnitude of 
the vertical load (Gourvenec and Barnett, 2011; Vulpe, 2015). In the 
early consolidation stage, the improvement in bearing capacity due to 
soil strength gain is insufficient to counteract the contraction induced by 
the vertical load, resulting in a temporary shrinkage of the H-M enve
lope. In contrast, at a preload degree of 0.5, the substantial soil strength 
improvement outweighs the contraction effect, preventing any reduc
tion in the envelope size.

Fig. 14. Failure envelope for combined H-M loading with varying pre
load degree.

Fig. 15. Effects of duration of preloading on H-M failure envelope under 
different preload degree.
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5.5. Combined T-H-M failure envelope

Similar to the influence of vertical load, torsional loading also affects 
the size and shape of the H-M failure envelope. For surface rectangular 
foundations, the magnitude of torsion significantly alters both the shape 
and size of the H-M envelope (FENG et al., 2014). In contrast, for surface 
circular foundations (Shen et al., 2017) and caisson foundations (Li 
et al., 2019; Chen et al., 2023), torsion does not change the shape of the 
envelope but influences its size by modifying the uniaxial capacities. 
Therefore, the complete T-H-M failure envelope can be derived by 
replacing H/Hu and M/Mu in the normalized H-M envelope with func
tions accounting for the effect of torsion.

The H-T failure envelopes under different preload degrees and de
grees of consolidation are presented in Fig. 16 and can be represented as 
follows (Finnie and Morgan, 2004): 
(

H
Hu

)6

+

(
T
Tu

)1.7

= 1 (21) 

(
H

hHu

)6

+

(
T

tTu

)1.7

= 1 (22) 

Fig. 16. Failure envelope for combined H-T loading with: (a) varying preload 
degree (b) different duration of preloading. Fig. 17. Failure envelope for combined M-T loading with: (a) varying preload 

degree (b) different duration of preloading.

Fig. 18. Consolidated failure envelope (Vp/Vu = 0.5, U = 100%) compared 
with original failure envelope in THM space.
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At a low preload degree (
(
Vp/Vu = 0.1), the fully consolidated en

velope shows limited expansion due to the small improvement in uni
axial capacities after consolidation (Fig. 16a). Under a preload degree of 
0.5, contraction of the consolidated envelope occurs again at short 
consolidation times, which remains attributable to the evolution of 
torsional uniaxial capacity with consolidation duration (Fig. 16b).

Fig. 17 illustrates the failure envelopes of the caisson under com
bined M-T loading. The unconsolidated and consolidated failure enve
lopes can be represented by the following expressions: 
(

M
Mu

)5

+

(
T
Tu

)2

= 1 (23) 

(
M

mMu

)5

+

(
T

tTu

)2

= 1 (24) 

Thus, the T-H-M failure envelope of the suction caisson can be 
expressed as: 
⃒
⃒
⃒
⃒

H
Hmax

⃒
⃒
⃒
⃒

1.95

+

⃒
⃒
⃒
⃒

M
Mmax

⃒
⃒
⃒
⃒

1.95

−

(

1.53 − 0.2
Vp

Vu

)
HM

HmaxMmax
= 1 (25) 

where Hmax and Mmax represent the reduced or enhanced horizontal and 
moment capacities, respectively, after the foundation is subjected to 
torsion or undergoes preloading and consolidation followed by torsional 
loading. Their values can be determined using Eq. (22) (24). Fig. 18 il
lustrates the expansion of the failure envelope in the T-H-M space for a 
suction caisson under a preload degree of 0.5 after full consolidation. 
Since torsion has minimal influence on the shape of the H-M envelope 
and primarily affects the uniaxial capacities, the H-M envelope is 
assumed to remain geometrically similar but scales in size with 
increasing torsion. The H-M envelope gradually contracts as the 
torsional load increases, until a critical torsional value is reached, 
beyond which it shrinks abruptly, resulting in a T-H-M failure envelope 
resembling an elliptical plateau in shape.

6. Design procedure

The undrained combined bearing capacity of a caisson foundation 
under various preload levels and consolidation times can be predicted by 
the following procedure in the flowchart (Fig. 19).

Note that although the current study focuses on a single suction 
caisson with L/D = 1.5, existing research suggests that the bearing ca
pacity envelopes for caissons with aspect ratios between 1 and 2 can be 

reasonably approximated using expressions derived for L/D = 1.5 (Liu 
et al., 2023). However, the H-M failure envelope must be independently 
evaluated for different aspect ratios, as the failure mechanism is highly 
sensitive to skirt length. Therefore, while the proposed design frame
work can theoretically be extended to suction caissons with aspect ratios 
ranging from 1 to 2, the H-M failure envelope should be reassessed 
specifically for each geometry. All other unconsolidated or consolidated 
failure envelopes can be directly applied based on the results presented 
in this study.

The study in this paper is primarily based on normally consolidated 
clay. However, in many regions worldwide, such as the North Sea and 
the Gulf of Mexico, marine soils are mainly composed of normally 
consolidated or lightly over-consolidated clay, with an over- 
consolidation ratio (OCR) typically ranging between 1 and 3. As 
shown in Fig. 20, for suction caissons with an aspect ratio of 1.5 under 
combined V-H loading in soils with different OCR, the failure envelope 
shrinks considerably. This reduction is mainly reflected in the change in 
shape and the diminished increase in consolidated uniaxial bearing ca
pacity (Zdravkovic et al., 2003). Nevertheless, the shape of the failure 
envelope after consolidation remains consistent with that before 

Fig. 19. Design procedure for predicting consolidated failure envelope.

Fig. 20. Failure envelope for combined V-H loading with different OCR.
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consolidation, indicating that the expansion of the failure envelope in 
over-consolidated soils after consolidation can still be predicted using 
the methodology outlined in Fig. 19.

7. Conclusions

This study conducted a series of three-dimensional coupled finite 
element analyses to investigate the changes in uniaxial bearing capacity 
and failure envelopes of suction caissons after consolidation under 
different preload degrees and degrees of consolidation. A simplified 
method for predicting the consolidated failure envelope of suction 
caissons is proposed. The main findings are summarized as follows. 

The consolidated undrained uniaxial bearing capacity can be pre
dicted using a theoretical critical state soil mechanics framework, 
based on a simple linear relationship with the preload degree and the 
degree of consolidation.
High vertical preload levels significantly reduce the torsional ca
pacity of the foundation and may even lead to contraction of the 
failure envelope during the early stages of consolidation.
After preloading, the soil strength improvement zone initially con
centrates near the skirt tip. As the degree of consolidation increases, 
this zone gradually expands to encompass the region beneath the 
foundation and along the external side of the skirt wall.
The normalized consolidated failure envelope can be derived by 
scaling the unconsolidated undrained normalized failure envelope 

according to the corresponding gains in uniaxial capacities after 
consolidation, expressed as a function of preload magnitude and 
duration.
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Nomenclature

A Cross-sectional area of the foundation
cv0 Initial coefficient of consolidation
D Diameter of suction caisson
e Void ratio after consolidation
e0 Initial void ratio
eN e at ṕ = 1 kPa on the isotropic virgin consolidation line
fsu Shear strength factor
fσ Stress factor
H Horizontal load
Hmax Horizontal capacities under torque
Hu Ultimate undrained horizontal capacity
K0 Coefficient of earth pressure at rest
k Soil permeability
L Skirt length
M Moment load
Mcs Slope of critical state line (CSL) in p’ − q space
Mmax Moment capacities under torque
Mu Ultimate undrained moment capacity
Ncv Vertical bearing capacity factor
ṕ0 Mean effective stress
ṕc0 Initial pre-consolidation pressure
R Normally consolidated undrained strength ratio
su Undrained shear strength
su0 Initial shear strength
suf Post-consolidation shear strength
T Torsional load
Ts Dimensionless time factor
tc Consolidation time
tw Skirt thickness
U Consolidation degree
V Vertical load
Vp Vertical preload
Vu Ultimate undrained vertical capacity
Vf ,Hf ,Mf ,Tf Bearing capacity after full consolidation
v,h,m, t Enhancement in bearing capacity
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vf ,hf ,mf , tf Enhancement in bearing capacity after full consolidation
vp,hp,mp, tp Enhancement in bearing capacity after partial consolidation
γsat Saturated bulk unit weight
γw Unit weight of water
θ Lode angle
κ Swelling and recompression index
λ Virgin compression index
v Poisson’s ratio
ρ Undrained shear strength gradient
σv́ Vertical effective stress
φʹ Critical friction angle in triaxial compression
w Settlement
wf Settlement after full primary consolidation
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