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ABSTRACT

The seismic behavior of skirted foundations plays a crucial role in the stability of marine and coastal structures
subjected to earthquakes. This study provides an in-depth examination of the seismic bearing response of skirted
foundations subjected to eccentric vertical loading, assessed through a Finite Element Limit Analysis (FELA) frame-
work. The objective is to separately characterize the inertial contributions of the soil mass and the superstructure
as functions of the horizontal seismic coefficient kj, the relative skirt depth D/B, and the eccentricity ratio e/B.
Unlike previous studies, which generally consider inertial effects in a simplified or combined manner, this work
introduces a systematic and explicit separation of soil and superstructure inertia contributions for skirted founda-
tions within a unified numerical framework, particularly under eccentric loading conditions. This approach enables
a clearer distinction between local soil failure mechanisms and global structural effects, thereby improving the un-
derstanding of the seismic response of skirted foundations. The findings reveal the decisive role of skirt embedment
depth, which enhances stability and delays failure, whereas increasing k; and e/B significantly reduces the bearing
capacity. The resulting three-dimensional surfaces offer a clear visualization of the combined influence of these
parameters, revealing critical operational zones and stability domains of skirted foundations under seismic load-
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ing. Two new generalized analytical equations were developed for the correction factors associated under inertial

effects, showing excellent agreement with the FELA results. These formulations, combined with the developed 3D

surfaces, provide practical and reliable tools for optimized seismic design of skirted foundations under seismic con-

ditions.

Keywords: Eccentric Loading; FELA; Skirted Foundations; Seismic Bearing Capacity; Soil and Superstructure Iner-

tia

1. Introduction

The reliable estimation of the bearing capacity of
shallow foundations remains a key challenge for geotech-
nical applications, particularly in regions exposed to seis-
mic loading. This issue is of particular importance in
marine and coastal environments, where foundations
are subjected to complex loading conditions induced by
waves, currents, and seismic actions, as encountered in
offshore platforms, wind turbines, and port infrastruc-
tures. Since the pioneering work, significant advances
have been made through analytical, experimental, and
numerical approaches, refining the understanding of fail-
ure mechanisms and influencing parameters >4,

Within this evolution, skirted foundations have
emerged as an efficient design solution, mainly due to
the confinement of a rigid soil plug beneath the foot-
ing, which substantially improves the bearing capacity

and reduces settlements 571,

Their efficiency is partic-
ularly remarkable under horizontal or seismic loading,
as confirmed by numerous numerical and experimen-
tal studies carried out in offshore and coastal environ-
ments [8-12],

Regarding seismic bearing capacity, several
pseudo-static frameworks have been developed for
shallow foundations and have progressively served as
the basis for the analysis of skirted foundations. The
works 1314 explicitly introduced horizontal accelera-
tions into failure mechanisms. These approaches were
further refined'> 1%l and more recently extended['”]
through numerical analyses incorporating foundation
geometry, load direction, and inertial effects. These con-
tributions have enhanced the understanding of the seis-
mic response of shallow and partially embedded foun-
dations.

For skirted foundations, several recent studies

have strengthened theoretical and numerical frame-

18,191 and slip-

works, particularly through limit analysis!
line theory!?). However, most of these investigations
consider separately the two major effects: soil inertia
(body forces) and superstructure inertia (base shear and
moment inducing an effective eccentricity). The com-
bined quantification of these two contributions, interact-
ing with the skirt geometry, remains only partially ex-
plored.

Recent studies have further advanced the under-
standing of the seismic behavior of skirted foundations.
For instance, shaking table tests and three-dimensional
numerical analyses have highlighted the significant role
of skirt confinement in enhancing soil stability and re-
ducing liquefaction potential beneath offshore founda-

tions [21],

In parallel, hybrid approaches combining Fi-
nite Element Limit Analysis (FELA) with machine learn-
ing techniques have been developed to predict seis-
mic bearing capacity under complex conditions, such
as slopes and inclined loading, demonstrating high pre-
dictive accuracy and efficiency!?>23, Other recent in-
vestigations have focused on the influence of soil type
and geometry, showing that skirted foundations sig-
nificantly improve bearing capacity and modify failure
mechanisms under seismic loading, particularly in cohe-
sive or cohesive-frictional soils and sloping ground con-
ditions[?* 231, Despite these advances, most studies pri-
marily address specific configurations or loading condi-
tions, and a comprehensive framework that clearly dis-
tinguishes and quantifies the respective contributions of
soil inertia and superstructure inertia remains limited.
The present study aims to characterize the seis-
mic bearing capacity of skirted foundations subjected
to eccentric vertical loading, taking into account both
soil and superstructure inertia. The investigation is car-
ried out for a homogeneous frictional soil (¢ = 30°), sys-
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tematically exploring the combined effects of the hori-
zontal seismic coefficient kj, the eccentricity ratio e/B,
and the relative skirt depth D/B. The methodology is
based on a series of FELA simulations designed to isolate
and quantify these inertial contributions within a uni-
fied numerical framework. While previous studies have
investigated seismic bearing capacity or inertial effects
in skirted or shallow foundations, they generally con-
sider soil inertia and superstructure inertia either sep-
arately or through simplified combined approaches. In
contrast, the present study provides a systematic and ex-
plicit distinction between these two contributions, par-
ticularly under eccentric loading conditions, allowing a
clearer identification of their respective roles in the fail-
ure mechanism and bearing capacity degradation. The
results include the evolution of the bearing capacity un-
der combined inertial effects, the development of three-
dimensional design charts, and the derivation of gener-
alized analytical equations for correction factors asso-
ciated with soil and superstructure inertia. These out-
comes provide both new insights into the seismic behav-
ior of skirted foundations and practical tools for engi-
neering design, facilitating a more accurate assessment
of their performance under complex seismicloading con-
ditions.

2. Problem Statement

The present study focuses on the seismic bearing
capacity of skirted foundations consisting of a rigid strip
footing of width B, equipped with vertical skirts of depth
D, characterized by the relative embedment ratio D/B.
These foundations rest on the surface of a purely fric-
tional soil (¢ = 0, g = 0) and are subjected to a vertically
eccentric load defined by the ratio e/B.

The seismic loading is modeled through a pseudo-
static approach considering only the horizontal acceler-
ation (k, = 0), in order to isolate the effect of lateral iner-
tia on the failure mechanism. This simplified approach
is commonly adopted in seismic bearing capacity analy-
ses and provides an efficient framework for preliminary
evaluation and parametric investigations of foundation
stability under earthquake loading. However, it does not
account for transient dynamic effects, wave propagation,

cyclic loading, or frequency-dependent soil response,
and may therefore become less reliable under strong
seismic events, liquefaction conditions, or highly nonlin-
ear dynamic soil behavior. Nevertheless, within the in-
vestigated parameter range, the pseudo-static method
provides a consistent and practical approximation for
evaluating the influence of seismic inertia on the bearing
capacity of skirted foundations.

In addition, neglecting the vertical seismic accelera-
tion may influence the predicted bearing capacity, since
an upward vertical acceleration tends to reduce the nor-
mal stresses beneath the foundation and consequently
decrease the bearing resistance, whereas a downward
acceleration may partially increase the confinement ef-
fect!7]. Nevertheless, the assumption k, = 0 remains
widely adopted in pseudo-static analyses and provides
a simplified and consistent framework for investigating
the influence of horizontal seismic inertia on the behav-
ior of skirted foundations.

In the absence of cohesion and surcharge, the ulti-
mate bearing capacity of the soil can be expressed in its

generalized form as:

1
Vuite = §7BN7E (1)

where N,z denotes the seismic factor associated with the
unit weight y, which depends on the horizontal seismic
coefficient kj, the relative skirt depth D/B, and the eccen-
tricity ratio e/B.

The eccentricity of the applied load (e/B) is explicitly
accounted for in all analyzed cases. It modifies the stress
distribution beneath the foundation, promotes an asym-
metric extension of the plastic zones beneath the skirts,
and affects the overall kinematics of failure. This approach
enables a realistic representation of actual loading condi-
tions, where eccentricity arises from the combined effects
of the transmitted superstructure loads, the orientation of
external actions, and the geometric characteristics of the
foundation—thus moving beyond the simplifying assump-
tion of a centrally applied load.

To isolate the respective inertial contributions, two
independent loading cases are analyzed (Figure 1):

e (Case 1—Soil inertia effect: A uniform horizontal
body force kyy is applied to the soil mass (k, = 0),
while the vertical load remains eccentric. This con-
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figuration allows the determination of the factor
NjE, representing the portion of seismic resistance
attributable to the soil behavior involved in the fail-
ure mechanism (Figure 1a).

e (Case 2—Superstructure inertia effect: No body

force is applied to the soil; the seismic action is in-

troduced as equivalent base loads, namely a hori-
zontal shear H and a moment M, corresponding to
an effective eccentricity e = M/V. This configuration
yields the factor N33, which expresses the specific
contribution of the superstructure inertia to the re-
duction of the bearing capacity (Figure 1b).

kv]’ I—b k "y
i

Figure 1. Schematic illustration of the adopted seismic loading conditions: (a) soil inertia effect, (b) superstructure inertia effect.

The comparison and combination of these two ef-
fects are made with reference to a unique baseline: the
static bearing capacity factor N, of a surface foundation
without skirts (D/B = 0) and subjected to a centered load
(kn = 0, e/B = 0). Two correction coefficients, functions
of D/B, kj, and e/B, are introduced and numerically cali-
brated as follows:

NS ss
R (2)
gl gl

The soil is modeled as a homogeneous, purely fric-
tional medium (c = 0, ¢ = 30°), obeying the Mohr-
Coulomb yield criterion with perfect plasticity. The
foundation is assumed rigid and equipped with verti-
cal skirts of depth D. A fully rough interface condition
is adopted (6 = ¢ or 6/¢ = 1), reflecting a strongly in-
terlocking soil-structure interaction. This assumption—
commonly accepted in the literature—defines the upper
bound of mobilized bearing capacity for skirted founda-
tions and establishes the framework for developing re-
duction curves, design charts, and generalized dimen-
sioning equations[17],

Recent studies on geomaterial failure under com-
plex stress states have also highlighted the importance
of stress orientation and anisotropy on strength evolu-
tion and failure mechanisms. For instance, true triax-
ial compression tests performed on weakly anisotropic
sandstone demonstrated that the magnitudes and di-
rections of principal stresses significantly influence the
failure pattern, strength anisotropy, and shear localiza-

tion processes, particularly under coupled stress con-
The study further showed that the interac-
tion between structural anisotropy and stress-induced

ditions.

anisotropy plays a key role in the development of fail-
ure mechanisms and strength envelopes under complex

loading paths 6],

2.1. Numerical Modeling Procedure

The numerical simulations were conducted using
the OptumG?2 software 271, adopting the Finite Element
Limit Analysis (FELA) approach to evaluate the seismic
bearing capacity of a skirted foundation subjected to
combined loading involving both eccentricity and the
pseudo-static effect of earthquake forces.

In this framework, the lower bound (LB) and up-
per bound (UB) limit analysis formulations are imple-
mented through two complementary formulations. The
LB formulation is based on searching for equilibrium-
admissible stress fields that simultaneously satisfy the
equilibrium equations and the yield criterion, whereas
the UB formulation is established through the construc-
tion of kinematically admissible velocity fields consis-
tent with the flow rule and internal energy dissipa-
tion[?8], The distinction between these two approaches
allows a rigorous bracketing of the collapse load and en-
sures the numerical reliability of the obtained results.

Due to the presence of an eccentric load and
horizontal pseudo-static body forces, the model was
built without symmetry and evaluated within a two-
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The bottom

boundary of the computational domain was fully re-

dimensional plane strain framework.

strained against both horizontal and vertical displace-
ments, while the lateral faces are restrained horizon-
tally and free vertically, and the ground surface is left
free (Figure 2). To eliminate any artificial boundary
influence on the failure mechanism, a sufficiently large
computational domain was adopted, with a width equal
to 20B and a total depth of 5B. These proportions—
established through preliminary tests—are consistent
with commonly adopted guidelines for finite element
modeling of shallow foundations and ensure the natural
development of plastic zones.

The adaptive meshing capability was utilized to
concentrate refinement in areas of high shear dissipa-
tion 29311, Three successive automatic refinement cycles
were applied: starting from an initial mesh of approxi-
mately 1,000 elements, the total number could reach up to
25,000 elements, depending on the configuration analyzed.
This procedure stabilizes the LB/UB limits, improves the
accuracy of the collapse load, and accurately captures the
extent of plasticized zones and shear bands [+ 12,

The loading was applied using the probe loading
method, which consists of progressively imposing a ver-

tical load with a prescribed eccentricity (e/B), while in-
troducing the seismic action as a uniform horizontal body
force kyy (with k, = 0). This procedure enables the sepa-
rate and combined examination of the effects of soil inertia
(for k, > 0 with an imposed eccentricity) and superstruc-
ture inertia (for k; = 0 when the seismic action is intro-
duced as equivalent base loads H and M, corresponding to
an effective eccentricity e= M/V). For each parameter com-
bination (D/B, ky, e/B), the ultimate load is determined
by bracketing the solution between the lower and upper
bounds, and their mean value is then adopted to obtain a
unique, stable, and representative estimate of the seismic
bearing capacity of the skirted foundation [> 41,

In addition, preliminary sensitivity analyses con-
firmed that further increases in the computational do-
main dimensions or additional mesh refinement pro-
duced only negligible variations in the ultimate load. Fur-
thermore, the difference between the lower-bound (LB)
and upper-bound (UB) solutions generally remained
within approximately 3-5% over the entire investigated
parameter range. Such a relatively small LB/UB gap indi-
cates good numerical stability, satisfactory convergence
behavior, and a reliable estimation of the collapse load
within the adopted FELA framework.

L
I rli [

A R .

. LA SLVA ST

Figure 2. Failure mechanism and adaptive mesh distribution for ¢ = 30°,e/B = 0.25,D/B =1 and k, = 0.2.

2.2. Model Validation

Within the framework of the Finite Element Limit
Analysis (FELA), each simulation provides a bracketing
of the ultimate load between a lower bound (LB) and an
upper bound (UB), whose relative difference serves as a
direct indicator of numerical accuracy. For comparison
and reference purposes, the arithmetic mean (Average)
of these two bounds is adopted as a representative and
stable estimate of the collapse load and the correspond-

ing bearing capacity factors.

The first validation case concerns a skirted foun-
dation on dry sand (c = 0, ¢ = 30°) subjected to a cen-
tered vertical load (e/B = 0) and analyzed under static
conditions (k, = 0). Table 1 compares the results ob-
tained using FELA (LB, UB, and Average) with three
major references from the literature['® 2032 involving
upper-bound limit analysis with a multi-block failure
mechanism, slip-line theory, and an upper-bound finite-
element formulation for embedded footings. An overall
excellent agreement is observed across the full range of
embedment ratios.
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Table 1. Comparative analysis of the bearing capacity factor N, under static conditions for skirted foundations.

¢(°) D/B Pal etal.['8]  Santhoshkumar and Ghosh[?201 Mohapatra and Kumar [32] Present Study

LB UB Avg.

0.0 1.93 171 - 1.16 1.20 1.18

15 0.6 7.3 6.32 - 7.04 7.21 7.13
1.0 10.23 9.34 - 10.99 11.22 11.11

0.0 447 3.82 2.94 2.78 2.88 2.83

20 0.6 13.85 12.36 13.86 13.38 13.80 13.59
1.0 20.65 17.91 21.01 20.40 20.96 20.68

0.0 9.77 8.44 - 6.30 6.60 6.45

25 0.6 259 23.74 - 25.09 25.95 25.52
1.0 37.68 33.72 - 37.48 38.63 38.05

0.0 21.41 18.46 15.6 14.28 15.03 14.65

30 0.6 49.6 46.31 49.78 48.23 50.12 49.17
1.0 70.08 64.56 72.59 70.33 73.14 71.74

The results from the present study consistently fall Contil®3]. This overall consistency, observed for both

between the slip-line theory solutions—generally more
conservative—and the upper-bound estimates, which
tend to be slightly higher. The LB and UB results closely
bracket the average value, indicating low internal disper-
sion and confirming both the numerical robustness and
the reliability of the model for skirted foundations under
static conditions.

Figure 3 illustrates, for a soil with ¢ =30°,D/B =0,
and e/B = 0, the variation of the seismic correction fac-
tor as a function of the horizontal seismic coefficient kj,
distinguishing Figure 3a the effect of soil inertia and Fig-
ure 3b the effect of superstructure inertia. In both cases,
a clearly decreasing trend is observed, with an accen-
tuated curvature as kj, increases, reflecting the progres-
sive degradation of bearing capacity under seismic ex-
citation. The results obtained in this study—expressed
as the average between LB and UB—fall within the en-
velope of solutions available in the literature and are
particularly close to those reported in the study by Cas-
cone and Casablancal'®], while remaining between the
higher estimates in the study by Paolucci and Pecker[1°]
and the more conservative predictions in the study by

1.0

@)

08

(b)
Paolucci and Pecker [**]
O Cascone and Casablanca '
—- = Conti #3
Present study

inertial effects, demonstrates the numerical stability of
the FELA model and further strengthens the credibility
of the predicted responses for skirted foundations un-
der seismic conditions. Figure 3c presents the valida-
tion of the combined inertial effect by comparing the
seismic correction factor obtained in the present study
with the reference solution reported by Cascone and
Casablancal'®l. A very good agreement is observed over
the entire range of the horizontal seismic coefficient &y,
with both curves exhibiting the same nonlinear decreas-
ing trend. As kj, increases, the seismic correction factor
progressively decreases, reflecting the combined desta-
bilizing influence of soil inertia and superstructure in-
ertia on the bearing capacity. The close agreement be-
tween the present FELA results and the published ref-
erence confirms the ability of the adopted numerical
framework to accurately reproduce the coupled seismic
response under combined inertial loading. This valida-
tion also supports the relevance of separately analyzing
soil and superstructure inertia in order to better under-
stand their individual contributions before addressing
fully coupled skirted foundation configurations.

©)

© Cascone and Casablanca
Present study

(6]
08

e

0.4

°2FpB=0

o' 8%
o (0]
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Present study e/B=0
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0.0 0.1 02 03 04 05 0.6 0.0 0.1 02
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Figure 3. Comparison of the correction factor for ¢ =30° D/B =0, and e/B = 0: (a) soil inertia effect, (b) superstructure inertia

effect, (c) combined effect.
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3. Results and Discussions

To systematically investigate the seismic bearing
capacity of skirted foundations, a comprehensive para-
metric study was conducted by varying the main param-
eters of the problem. The soil was assumed to be purely
frictional (¢ = 30°), and the seismic action was modeled
using a pseudo-static approach with k, = 0. The hori-
zontal seismic coefficient k;, was progressively increased
up to the limiting value kp jimi = tang, which is conven-
tionally associated with the complete loss of mobilized
shear resistance ' 171, The relative skirt embedment ra-
tio D/B was explored for four representative values (D/B
=0.1,0.25, 0.5, and 1), while the normalized eccentricity
of the vertical load covered a wide range e/B = {0, 0.025,
0.05, 0.075, 0.1, 0.15, 0.25, 0.35, 0.45}. The base-skirt-
soil interface was assumed to be perfectly rough (6/¢ =

80

[e/B = 0.025

@ ——pm=01 &
—— DB =025

DB =05
—DB =1

le/lB=0

60 -

1). All results are presented in terms of seismic factors
and correction coefficients, enabling a clear distinction
between the respective effects of soil inertia and super-
structure inertia.

Figure 4 illustrates, for ¢ = 30°, the decay of the seis-
mic factor N5, as a function of kj. The results reveal that
the confinement provided by the skirts consistently ele-
vates the curve and reduces its slope, whereas the load ec-
centricity lowers the initial level and increases the sensi-
tivity of bearing capacity to seismic effects, particularly for
shallow skirts. In the centered configuration (Figure 4a),
a deep skirt (D/B = 1) exhibits only about a 23% reduction
between k; =0 and £} = 0.3, demonstrating strong founda-
tion robustness. Conversely, for an eccentricity e/B = 0.25
(Figure 4g), the loss remains limited to around 17%, in-
dicating that lateral confinement effectively mitigates the
combined influence of /B and ;.

80
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Figure 4. Seismic bearing capacity factor Nz versus kj, due to soil inertia for different e/B and D/B ratios, with ¢ = 30°.
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However, eccentricity remains a highly penalizing
factor: at kj = 0, the bearing capacity of a foundation
with D/B =1 decreases by approximately 44% when e/B
increases from 0 to 0.25, whereas for a shallow skirt
(D/B = 0.1), the reduction reaches nearly 70%. The ben-
eficial effect of embedment becomes dominant: at kj =
0.2, the capacity for D/B = 1 is roughly 3.5 times higher
than that for D/B=0.1 ate/B =0, and nearly seven times
higher at e/B = 0.25. The order of the curves remains
consistent, the curvature becomes more pronounced at
higher k;, values, and the relative efficiency of skirts in-
creases with eccentricity—highlighting that a minimum
embedmentratio D/B = 0.5 is recommended once e/B 2
0.1 and k; approaches moderate levels (= 0.2-0.3).

Table 2 summarizes the evolution of the correction

coefficient e ;, associated with soil inertia as a function
of D/B, k;,and e/B. Increasing k; systematically reduces
the coefficient value, reflecting the progressive degrada-
tion of bearing capacity under the growing influence of
horizontal inertial forces. In contrast, increasing D/B
significantly enhances foundation stability, confirming
the beneficial role of skirts in mobilizing a larger soil
mass and delaying failure initiation. Load eccentricity
further reduces the coefficients, with this trend becom-
ing more pronounced under higher seismic intensities.
These findings underscore the necessity of simultane-
ously accounting for D/B, k7, and e/B when assessing
seismic bearing capacity, and they confirm the capabil-
ity of the FELA model to accurately capture such complex
interactions.

Table 2. Correction factor e ;; associated with soil inertia for different e/B, D/B ratios, and kj, values, with ¢ = 30°.

D/B
e/B

kn 0.1 0.25 0.5 1
0 1.510 2.085 3.001 4919
0.1 1.384 1.929 2.846 4.719
0.2 1.241 1.729 2.553 4329
0 0.3 1.082 1.509 2.229 3.807
0.4 0.903 1.259 1.861 3.191
0.5 0.681 0.951 1.405 2.454
tang 0.389 0.568 0.890 1.727
0 1.406 1.970 2.881 4810
0.1 1.298 1.840 2.765 4.776
0.2 1.163 1.650 2.481 4.331
0.025 0.3 1.016 1.442 2.167 3.790
0.4 0.849 1.205 1.810 3.173
0.5 0.643 0.913 1.367 2.424
tang 0.367 0.544 0.857 1.670
0.1 1.199 1.730 2.647 4.620
0.2 1.075 1.553 2.376 4.260
0.3 0.940 1.358 2.077 3.725
0.4 0.787 1.137 1.736 3.109
0.5 0.597 0.863 1.311 2.360
tang 0.341 0.512 0.813 1.595
0 1.175 1.690 2.546 4.426
0.1 1.094 1.608 2.478 4.382
0.2 0.982 1.444 2.249 4131
0.075 0.3 0.859 1.264 1.968 3.613
0.4 0.720 1.059 1.646 3.014
0.5 0.547 0.805 1.244 2.277
tang 0.312 0.475 0.762 1.514
0 1.062 1.547 2.365 4.199
0.1 0.987 1.479 2.293 4131
0.2 0.887 1.329 2.109 3.892
0.1 0.3 0.776 1.164 1.845 3.469
0.4 0.651 0.976 1.545 2.894
0.5 0.496 0.743 1.168 2.180
tang 0.282 0.436 0.707 1.428
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Table 2. Cont.

D/B
e/B
kp 0.1 0.25 0.5 1
0 0.848 1.273 2.004 3.718
0.1 0.775 1.217 1.941 3.628
0.2 0.697 1.094 1.811 3.414
0.15 0.3 0.611 0.959 1.584 3.100
0.4 0.514 0.805 1.326 2.607
0.5 0.393 0.614 1.003 1.956
tang 0.222 0.356 0.594 1.245
0 0.438 0.788 1.351 2.762
0.1 0.400 0.721 1.310 2.693
0.2 0.360 0.649 1.224 2.538
0.25 0.3 0.316 0.570 1.070 2.306
0.4 0.266 0.480 0.896 1.987
0.5 0.205 0.368 0.676 1.478
tang 0.115 0.206 0.379 0.877
0 0.189 0.329 0.808 1.920
0.1 0.173 0.304 0.787 1.880
0.2 0.156 0.276 0.719 1.776
0.35 0.3 0.137 0.245 0.630 1.618
0.4 0.116 0.211 0.529 1.402
0.5 0.089 0.168 0.402 1.051
tang 0.049 0.098 0.214 0.572
0 0.048 0.117 0.393 1.225
0.1 0.044 0.109 0.382 1.204
0.2 0.041 0.100 0.354 1.143
0.45 0.3 0.037 0.090 0.314 1.045
0.4 0.032 0.079 0.270 0.909
0.5 0.026 0.065 0.214 0.714
tang 0.016 0.042 0.117 0.361

Figure 5 presents the three-dimensional surfaces
illustrating the variation of the correction coefficient e’ 5,
as a function of e/B and k;, for different relative embed-
ment depths D/B. These surfaces provide a clear 3D vi-
sualization of the combined influence of dynamic and ge-
ometric parameters on the corrected seismic bearing ca-
pacity. For shallow skirts (D/B = 0.1), the surface drops
sharply when k7 > 0.2 and e/B 2 0.25, indicating a strong
sensitivity to the combined loading effects. Conversely,
for deeper skirts (D/B = 1), the surfaces become signif-

icantly smoother, exhibiting gradual variations in e,
confirming the role of lateral confinement in delaying
failure and maintaining stable behavior.

From a practical perspective, these surfaces serve as
a powerful interpretation and design tool, allowing engi-
neers to visually identify safety zones (€3 > 3) and de-
lineate critical configurations likely to induce premature
instability. They thus offer a robust basis for the develop-
ment of design charts and the calibration of simplified an-
alytical models for seismic design of skirted foundations.

Figure 5. 3D surfaces of the correction factor e ; associated with soil inertia for different e/B, D/B ratios, and kj, values, with ¢ = 30°.
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Figure 6 illustrates the design curves of the seismic
factor N7y, which now incorporate the effect of super-
structure inertia, for different relative skirt depths (D/B)
and various eccentricity ratios (e/B). The results show a
consistent decrease in N7 with increasing horizontal
seismic coefficient k;°, confirming the penalizing influ-
ence of superstructure inertia. This reduction is more
pronounced for skirted shallow foundations, reflecting
the limited mobilization of lateral resistance. For D/B
= 0.1, the bearing capacity decreases rapidly as soon as
k7? > 0.2, particularly when e/B = 0.25. In contrast, deep
skirts (D/B = 1) ensure greater stability, with N7 values
decreasing more gradually and remaining significantly
higher under identical conditions. Eccentricity amplifies
the loss of bearing capacity, especially when the super-
structure transmits high overturning moments. These
results confirm that the combination of large eccentric-

ity and strong seismic excitation represents a critical sce-
nario, whereas increasing D/B remains an effective rein-
forcement strategy.

Table 3 summarizes the evolution of the correction
coefficient efYSE as a function of D/B, k;°, and e/B. Three
main trends emerge: (i) an increase with D/B, confirming
the stabilizing effect of skirts; (ii) a decrease with k;*, il-
lustrating the penalizing effect of superstructure inertia;
and (iii) a reduction with e/B, since load eccentricity weak-
ens bearing capacity even in the absence of seismic load-
ing. The interaction between these parameters is particu-
larly pronounced: for e/B = 0.25 and k;° = 0.4, the value
of 3% for D/B = 1 is nearly eleven times higher than that
obtained for D/B = 0.1, emphasizing the efficiency of deep
skirts in mitigating bearing capacity loss. These findings
provide a direct basis for constructing three-dimensional
design charts in the (D/B, k;°, e/B) space.
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Figure 6. Seismic bearing capacity factor N versus k;* due to superstructure inertia for different e/B and D/B ratios, with ¢

=30°.
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Table 3. Correction factor e associated with superstructure inertia for different e/B, D/B ratios, and k;® values, with ¢ = 30°.

D/B
e/B

kn 0.1 0.25 0.5 1
0 1.510 2.085 3.001 4918
0.1 1.116 1.560 2.334 4.113
0.2 0.776 1.107 1.674 2.901
0 0.3 0.512 0.761 1.171 1.985
0.4 0.321 0.511 0.809 1.353
0.5 0.189 0.338 0.560 0.938
tang 0.119 0.245 0.424 0.722
0 1.406 1.970 2.881 4.810
0.1 1.046 1.477 2.226 3.950
0.2 0.727 1.042 1.578 2.744
0.025 0.3 0.478 0.712 1.093 1.861
0.4 0.296 0.474 0.750 1.263
0.5 0.171 0.311 0.516 0.876
tang 0.104 0.224 0.390 0.678
0 1.291 1.833 2.721 4.633
0.1 0.967 1.382 2.101 3.765
0.2 0.671 0.969 1.474 2.583
0.05 0.3 0.438 0.657 1.013 1.739
0.4 0.268 0.434 0.690 1.177
0.5 0.150 0.282 0.472 0.817
tang 0.085 0.202 0.356 0.638
0 1.175 1.690 2.546 4.426
0.1 0.881 1.278 1.966 3.559
0.2 0.609 0.891 1.367 2.422
0.075 0.3 0.395 0.599 0.931 1.621
0.4 0.237 0.392 0.630 1.094
0.5 0.126 0.252 0.429 0.762
tang 0.067 0.178 0.324 0.602
0 1.062 1.547 2.365 4.199
0.1 0.792 1.169 1.825 3.323
0.2 0.544 0.809 1.258 2.263
0.1 0.3 0.348 0.539 0.850 1.505
0.4 0.203 0.349 0.571 1.016
0.5 0.100 0.222 0.388 0.712
tang 0.054 0.155 0.293 0.569
0 0.848 1.273 2.004 3.718
0.1 0.612 0.947 1.538 2.871
0.2 0.409 0.643 1.040 1.955
0.15 0.3 0.248 0.418 0.691 1.289
0.4 0.131 0.262 0.459 0.872
0.5 0.064 0.161 0.312 0.626
tang 0.038 0.113 0.243 0.512
0 0.438 0.788 1.351 2.762
0.1 0.294 0.526 0.992 2.057
0.2 0.182 0.328 0.642 1.404
0.25 0.3 0.106 0.191 0.416 0.926
0.4 0.058 0.114 0.280 0.651
0.5 0.032 0.081 0.209 0.497
tang 0.022 0.066 0.174 0.419
0 0.189 0.329 0.808 1.920
0.1 0.121 0.194 0.551 1.371
0.2 0.072 0.119 0.346 0.913
0.35 0.3 0.042 0.083 0.242 0.636
0.4 0.025 0.064 0.186 0.485
0.5 0.017 0.052 0.151 0.392
tang 0.014 0.045 0.132 0.340
0 0.048 0.117 0.393 1.225
0.1 0.031 0.082 0.278 0.841
0.2 0.020 0.063 0.207 0.598
0.45 0.3 0.015 0.051 0.164 0.462
0.4 0.012 0.043 0.136 0.377
0.5 0.010 0.037 0.117 0.318
tang 0.008 0.033 0.105 0.283
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Finally, Figure 7 presents the three-dimensional
surfaces of the coefficient efj;, expressed as a function
of k;* and e/B for several relative depths D/B. The result-
ing surfaces clearly illustrate the mechanisms of bearing
capacity degradation under inertial effects. For shallow
skirts, the surface slope is steeper, and e} decreases
rapidly once k;® > 0.2, especially when e/B > 0.2. Con-
versely, deep skirted foundations (D/B = 0.75-1.0) ex-
hibit much more stable surfaces, indicating a better re-
distribution of stresses due to increased passive soil re-
sistance. Unlike soil inertia, which acts locally within the
failure zone, superstructure inertia acts globally at the
foundation base, giving these results special significance
for massive structures such as offshore platforms, stor-
age tanks, and tall towers. These graphical representa-
tions enable the identification of critical zones, safe con-

figurations (e3% > 3), and performance thresholds nec-
essary to ensure seismic stability. They also represent a
powerful design tool, forming a solid basis for develop-
ing generalized equations and simplified design guide-
lines adapted to complex dynamic loading conditions.

It should be emphasized that the seismic bearing ca-
pacity factors remain dependent on the soil mechanical
properties and soil-foundation interface conditions. Vari-
ations in the friction angle ¢, interface roughness (6 /), or
the presence of cohesion may significantly influence the
failure mechanism and the variation of bearing capacity
under seismic loading. Therefore, the present results and
correction factors should be interpreted within the frame-
work of the investigated assumptions corresponding to a
homogeneous purely frictional soil with ¢ = 30°, ¢ = 0,
and a perfectly rough interface condition.

Figure 7. 3D surfaces of the correction factor e>% associated with superstructure inertia for different e/B, D/B ratios, and kj,’

values, with ¢ = 30°.

3.1. Proposed Design Equations

The formulation of simple and generalizable ana-
lytical equations represents a major step toward trans-
lating numerical findings into practical geotechnical de-
sign applications. Although Finite Element Limit Analy-

sis (FELA) simulations are highly accurate, they remain

computationally demanding for routine engineering use.
Therefore, there is a need for reliable correction equa-
tions that simultaneously account for the effects of ec-
centricity, embedment depth, and seismic loading. The
proposed relationships meet this objective by providing
a compact analytical form that effectively captures the
key behavioral trends derived from the full set of para-
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metric analyses.

Deriving generalized analytical correction factors
from numerical simulations provides an efficient way
to transform advanced FELA results into practical en-
gineering design tools. In this study, the proposed
equations were developed from an extensive numerical
database in order to capture the combined effects of seis-
mic loading, embedment depth, and load eccentricity
within a simplified analytical framework [* 34,

To quantify the combined influence of load eccen-
tricity, relative skirt depth, and horizontal seismic coef-
ficient on the bearing capacity associated with soil iner-
tia, a generalized equation for the seismic correction fac-
tor e has been developed. The adopted formulation is

based on a nonlinear allometric-type law capable of ac-

curately reproducing the interactions among geometric
and dynamic parameters:

D D
efy = [(h' E +a2:| + |:(a3- E +a4> . k;a5:| (3)

where the coefficients a; through as are expressed as sec-
ond-order polynomial functions of the eccentricity ratio
e/B:

a; = ai(e/B)* + Bi(e/B) + i (4)

The numerical parameters «, 8, and y are pro-
vided in Table 4, allowing direct implementation of the
model within the investigated domain. This compact ex-
pression effectively captures the coupled effects of the
three primary variables while remaining suitable for de-
sign-stage application.

Table 4. Coefficients a; and parameters o, 5, and -y for the proposed analytical equation associated with soil inertia.

« B Y
a1 -2.870 -4.869 4.052
az 8.516 -5.788 1.050
az 42.003 -16.771 -5.786
as -4.441 8.305 -1.975
as -1.419 2.369 1.646
A comparison between the predictions obtained 5 ' ' ' ' ]
, R2=0.983 %0
from the proposed equation and the results from the Mean = 1.549 04
FELA simulations demonstrates excellent agreement S 4 RMS =0.159 +5 i
(Figure 8). The coefficient of determination reaches R? § | Cov=1463 L’ <
= 0.983, the root-mean-square error remains low (RMS E 3 o v g
= 0.159), and both the arithmetic mean (Mean = 1.549) § ’r'
Q.
and coefficient of variation (Cov = 1.463) confirm the cor- 09_ 21 2% ‘ T
relation’s stability. These results validate the robustness 2 e
¢ 4
and reliability of the proposed model, which faithfully re- T £0,< T
4
produces the numerical trends while being easily inte- %
0 T T T T T
grable into seismic bearing-capacity design procedures 0 1 4 5

for skirted foundations. Furthermore, the relatively low
RMS value and the limited dispersion of the data around
the equality line indicate that the deviations between the
analytical predictions and the FELA results remain small
over the entire investigated parameter range. The pro-
posed formulation therefore provides a consistent ap-
proximation of the numerical solutions and accurately
captures the progressive reduction in seismic bearing ca-
pacity associated with increasing soil inertia effects.

2 3
e3, FELA results
Figure 8. Performance of the proposed analytical Equation (3)
compared with FELA solutions associated with soil inertia.

For the superstructure inertia, a second general-
ized equation was formulated based on the FELA re-
sults covering a wide range of parameters (e/B, D/B,
k;?).  This equation features an asymptotic nonlin-
ear structure combining exponential and polynomial

terms, reflecting the complexity of the soil-foundation-
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superstructure interaction mechanisms:

[al . e‘”'%} - |:<(13 +ay . g) a5kis} (5)

where the coefficients a; to as are expressed as cubic
polynomial functions of the eccentricity ratio e/B:

a; = a;(e/B)* + B,(e/B)* + 7i(e/ B) + 4,
)

(6)

i=1, ...

The corresponding numerical coefficients «, 3, v,
and 6 are listed in Table 5, allowing direct implementa-
tion of the model for any value of e/B within the studied
range.

The validation of this formulation, by comparison
with FELA results, demonstrates an exceptionally high
level of correlation (Figure 9). The coefficient of deter-
mination reaches R? = 0.988, the root mean square error

remains very low (RMS = 0.108), the arithmetic mean is
close to unity (Mean = 0.946), and the coefficient of vari-
ation (Cov = 1.042) indicates minimal dispersion around
the equality line. These statistical performances confirm
the generality and reliability of the proposed equation
for the practical assessment of the superstructure iner-
tia effect in the seismic bearing capacity analysis of shal-
low foundations. In addition, the very low RMS value
and the limited scatter of the results around the equality
line demonstrate that the analytical predictions remain
very close to the numerical FELA solutions throughout
the investigated parameter range. The proposed formu-
lation successfully reproduces the nonlinear evolution of
the seismic correction factor and accurately captures the
progressive destabilizing influence induced by increas-

ing superstructure inertia.

Table 5. Coefficients a; and parameters o, 3,y and 6 for the proposed analytical equation associated with superstructure inertia.

o B Y 8
ai -20.341 13.448 -1.526 -0.175
az 401.271 -174.255 1.299 1.719
az -40.895 23.632 0.463 -1.117
En 34.062 -29.413 15.235 -5.102
as 2.596 -1.451 -0.036 0.082
. . T . — ing empirical relationships, and establishing simplified
2
51R"=0.988 DA design methods adapted to massive structures and com-
Mean = 0.946 ,6 | L . t
s ,|RMs=0.108 R | plex seismic environments.
‘;E Cov = 1.042 e Although the proposed equations were calibrated
g s , © ‘ and validated using the numerical database generated in
g Le 5 the present FELA study, they provide a consistent predic-
g ) 2 tive framework within the investigated parameter range,
ol — pPd -
e D& namely ¢ = 30°% k, = 0,0 < kp < tang, 0.1 <
3 » ’
o &8 ] D/B < 1,and 0 < ¢/B < 0.45, assuming a perfectly
4
S rough base-skirt-soil interface (6/¢ = 1). It should be
07 : : : : : noted that independent validation using experimental
0 1 5

2 3
ejs , FELA results
Figure 9. Performance of the proposed analytical Equation (5)
compared with FELA solutions associated with superstructure
inertia.

Hence, the two proposed formulations together
provide arigorous and operational analytical framework
for evaluating coupled inertial effects. They constitute a
solid foundation for developing design charts, calibrat-

observations, centrifuge tests, or published seismic data
specifically addressing the separate effects of soil and su-
perstructure inertia on offshore skirted foundations re-
mains limited in the current literature. Therefore, future
research should focus on extending the validation of the
proposed formulations through additional experimental
and numerical investigations in order to further enhance

their scientific reliability and practical applicability.
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3.2. Failure Mechanisms

To complement the quantitative evaluation of seis-
mic bearing capacity, the failure mechanisms obtained
from the FELA simulations are analyzed to provide a me-
chanical interpretation of the observed trends, focusing
on the development of plastic zones, the mobilization of
soil resistance, and the evolution of failure patterns un-
der eccentric and seismic loading. The analysis is car-
ried out for representative cases defined by two eccen-
tricity ratios (e/B = 0 and 0.2), a fixed embedment ratio
(D/B = 0.5), and three values of the horizontal seismic
coefficient (k, = 0, 0.1, and 0.25). This framework en-
ables a consistent comparison of failure mechanisms un-
der increasing seismic intensity, while highlighting the
distinct roles of soil inertia and superstructure inertia,
which are discussed separately.

Figure 10 illustrates the failure mechanisms as-
sociated with soil inertia. For kj = 0, the centered
case shows a nearly symmetric and confined mechanism
beneath the foundation, reflecting the stabilizing role
of skirt embedment. When eccentricity is introduced
(e/B = 0.2), the mechanism becomes asymmetric, with
plastic deformation concentrated beneath the loaded

side. As kj increases, the failure pattern progressively

shifts and becomes more inclined in the direction of seis-
mic inertia, with lateral extension of the plastic zone. At

5 = 0.25, a well-defined inclined shear band devel-
ops from the skirt tip toward the ground surface. In the
eccentric case, the combined effect of inertia and load
eccentricity enhances deformation localization and pro-
motes a rotational tendency. Overall, skirt embedment
increases confinement and delays failure, although in-
creasing k7 and e/B progressively reduces stability and
leads to asymmetric mechanisms.

In addition, the increase in seismic intensity leads
to a progressive redistribution of stresses and a deeper
propagation of the plastic zones beneath the foundation.
The inclined shear bands become more pronounced as

; increases, indicating a transition from a relatively
confined bearing mechanism toward a coupled sliding-
rotation mode. For the eccentric configurations, defor-
mation localization becomes significantly concentrated
beneath the heavily loaded side, while the mobilized soil
volume decreases on the opposite side. These observa-
tions confirm that increasing seismic inertia not only en-
larges the extent of plasticization but also accelerates the
instability of the foundation system through progressive

asymmetry and stress concentration.

Figure 10. Failure mechanisms induced by soil inertia.

Figure 11 presents the failure mechanisms asso-
0, the
centered case exhibits a symmetric confined mechanism

ciated with superstructure inertia. For kj* =

similar to static conditions, while eccentricity induces
an asymmetric distribution of plastic strains. As k;°
increases, the failure mechanism evolves more rapidly
than in the soil inertia case, with a pronounced inclina-
tion of the shear band and a progressive shift of the plas-

tic zone. This behavior reflects the global action of super-
structure inertia, which generates additional shear and
overturning effects at the foundation level. Atk;° = 0.25,
the mechanism becomes strongly asymmetric, with a re-
duced effective bearing zone and a dominant rotational
mode in the eccentric case.

Furthermore, the increase in £;° intensifies stress
redistribution beneath the foundation and promotes a
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progressive localization of deformation near the loaded
edge. Compared with the soil inertia case, the plas-
tic zones become more concentrated and the rotational
component of the mechanism develops more rapidly, in-
dicating a stronger destabilizing effect associated with

overturning moments transmitted by the superstruc-

ture. The progressive reduction of the effective bear-
ing area and the extension of inclined shear bands to-
ward the ground surface clearly illustrate the transition
from a confined bearing mechanism to a predominantly
rotation-controlled failure mode under high seismic in-

tensity.

Figure 11. Failure mechanisms induced by superstructure inertia.

Overall, the comparison between Figures 10 and
11 highlights a fundamental difference between the two
inertial effects: soil inertia mainly influences the lo-
cal development of plastic zones within the failure re-
gion, whereas superstructure inertia induces a more
global destabilization mechanism governed by overturn-
ing and base shear. These findings provide a clearer me-
chanical interpretation of the bearing capacity reduction

observed in the parametric study.

4. Limitations of the Study

The present study is based on a pseudo-static ap-
proach, in which the seismic action is modeled by a con-
stant horizontal acceleration coefficient (kj;), while the
vertical acceleration is neglected (k, = 0). This simplifi-
cation does not allow for the reproduction of transient
effects, cyclic loading conditions, or the actual propaga-
tion of seismic waves, which may influence the evolution
of failure mechanisms and the mobilization of soil resis-
tance. The mechanical properties of the soil are assumed
to remain constant during shaking, without modeling
degradation, cyclic dilatancy, soil softening, or liquefac-
tion phenomena, which could lead to a further reduction
in bearing capacity under real seismic conditions.

The analysis was carried out for a single friction an-

gle (¢ = 30°), representative of medium-density sand,

without accounting for the variability of soil proper-
ties or stratification. In addition, the inertial effects of
the soil and the superstructure were studied separately,
without considering their combined interaction, which
limits the generalization of the results to cases involving
simultaneous excitation.

Finally, the modeling was restricted to purely fric-
tional soils (c = 0) and rigid skirted foundations ana-
lyzed under plane-strain (2D) conditions. While this as-
sumption enables an efficient representation of the fail-
ure mechanisms, it does not capture three-dimensional
effects, which may influence stress redistribution and
failure geometry in real foundations. Although these as-
sumptions are commonly adopted for an initial paramet-
ric investigation, they provide a consistent basis for fu-
ture studies incorporating three-dimensional response,
soil variability, cyclic loading, and fully dynamic analy-
ses, in order to better represent the real seismic behav-
ior of skirted foundations.

Future research perspectives include extending the
proposed framework to different friction angles, par-
tially rough interfaces, combined effects, and more com-
plex seismic loading conditions involving both horizon-
tal and vertical accelerations. Additional investigations
considering c - ¢ soils, layered deposits, cyclic degrada-
tion, and liquefaction effects would further improve the

applicability of the proposed equations. Moreover, the
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extension toward fully coupled dynamic analyses and
three-dimensional foundation geometries represents an
important step toward a more realistic assessment of the
seismic behavior of offshore skirted foundations under
practical field conditions.

5. Conclusions

This study analyzed the seismic bearing capacity
of skirted foundations subjected to an eccentric verti-
cal load, distinguishing between the effects of soil iner-
tia and superstructure inertia using Finite Element Limit
Analysis (FELA) with the OptumG2 software, with ex-
plicit separation of soil and superstructure inertia. The
main findings can be summarized as follows:

¢ Increasing the embedment ratio (D/B) significantly
improves stability, whereas both load eccentricity
(e/B) and the horizontal seismic coefficient (kp)
lead to a progressive reduction in bearing capacity.
Deep skirts effectively mitigate these effects, con-
firming their stabilizing role.

e Both soil inertia and superstructure inertia exert a
detrimental influence, more pronounced in shallow
or highly eccentric configurations. Superstructure
inertia acts globally on overall stability, while soil in-
ertia affects the local bearing zone beneath the foun-
dation.

e  Two generalized equations were proposed for the
correction factors e’ and e}, accurately repro-
ducing the numerical results with R? > 0.98. These
models provide a reliable and practical tool for
rapidly estimating the corrected seismic bearing ca-
pacity of skirted foundations.

In practice, the results provide useful thresholds
for the seismic design of skirted foundations. A mini-
mum embedment ratio of D/B > 0.5 is recommended
to ensure sufficient confinement, while an eccentricity
ratio exceeding ¢/B = 0.1 significantly reduces bear-
ing capacity. The horizontal seismic coefficient should
preferably remain below k;, ~ 0.2-0.25, particularly
for shallow foundations (D/B < 0.1), which should be
avoided in seismic regions. These findings offer practi-

cal guidance for design and assessment.
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