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A Practical Method to Evaluate Failure Envelopes of Shallow Foundations

Considering Soil Strain Softening and Rate Effects

Zhong Xiao* *, Yinghui Tian®® and Susan Gourvenec®
Abstract

This paper presents a practical method to evaluate the development of failure envelopes of coastal and
offshore shallow foundations after the action of multi-directional cyclic loading considering soil
degradation. This is realised by implementing a soil strain softening and rate model into a finite
element package and using a combined approach of load controlled geometrically nonlinear finite
element analysis and displacement controlled small strain finite element analysis. The gradual
evolution of soil strain softening and rate effects are monitored and utilised to update the shear
strength during the analysis under multi-directional cyclic loading. The failure envelope is then
investigated based on the updated shear strength field of the soil. After introducing the approach and
demonstrating with an example, a systematic study is presented to explore the effects of soil strain
softening and rate parameters, soil stiffness index and period of cyclic loading on load carrying
capacity of coastal and offshore shallow foundations. The results show that soil degradation should be
taken into account in design of coastal and offshore shallow foundations because it is detrimental to
the capacity of shallow foundations. Results of the parametric analyses have shown that soil
sensitivity, relative ductility and the stiffness index have more influence on capacity of shallow
foundations subjected to undrained cyclic preloading than strain rate parameter and the period of
cyclic loading.

Keywords: shallow foundation; failure envelope; soil degradation; undrained cyclic preloading;

strain softening effect; strain rate effect
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Notation list

B Foundation width

E Young’s modulus

H Horizontal load

Huit Pure horizontal capacity

Hult,intact Pure horizontal capacity on intact soil

M Moment

Mutt Pure moment capacity

Mutt,intact Pure moment capacity on intact soil

N The cycle number of cyclic loading

NH Horizontal capacity factor, = Hui/BSuo

NH,intact Horizontal capacity factor on intact soil, = Hutt,intact/BSuo
Nwm Moment capacity factor, = Mui/B?suo

NM,intact Moment capacity factor on intact soil, = Muitintact/B?Suo
Nv Vertical capacity factor, = Vur/BSuo

Nvintact \ertical capacity factor on intact soil, = Vutintact/BSuo
St Soil sensitivity

Su Undrained shear strength

Suo Intact undrained shear strength

T Period of cyclic loading

u Horizontal displacement

\Y Vertical load

Vuit Pure vertical capacity

Vult,intact Pure vertical capacity on intact soil

w Submerged self-weight of the foundation and superstructure

4
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98 w Vertical displacement
9  av, an, am Vertical, horizontal and moment capacity reduction factors
100 fs, fr Soil strain softening and rate factors
101y, Cyclic shear strain
102 Vmex Current maximum shear strain rate
103 V¢ Reference shear strain rate
104 At Time increment
105 &, &5 Major and minor principal plastic strains
106 g, & Major and minor principal total strains
107  Orem Reciprocal of soil sensitivity, =1/St
108 4@ Rotation angle
109 u Rate of undrained shear strength increase per decade
110 ¢ Current accumulated absolute plastic shear strain
111 &os Soil relative ductility (Value of ¢ for the soil undrained shear
112 strength to achieve 95% remoulding)
113



114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

A Practical Method to Evaluate Failure Envelopes of Shallow Foundations Xiao/Tian/Gourvenec
Considering Soil Strain Softening and Rate Effects

1. Introduction

Coastal and offshore shallow foundations are subjected to a combination of vertical load (V),
horizontal load (H) and moment (M). The common convention of loads (V, H and M) and the
corresponding displacements (w, u and 6) are as illustrated in Fig. 1. The failure envelope approach is
now well established to address shallow foundation capacity under combined loading. This method
for geotechnical applications can be tracked down to Roscoe and Schofield [1] and has been
increasingly used to evaluate the multi-directional capacity of offshore foundations. The majority of
existing studies consider undrained soil response and rely on an initial, constant value of undrained
shear strength over the period of loading [2-6]. Some studies have considered the effect of monotonic
vertical preloading on the undrained shear strength distribution in the supporting soil and the resulting
gains in consolidated, undrained combined load capacity [7, 8]. These latter studies are relevant for
field conditions in which excess pore pressures generated during vertical preloading are able to
dissipate prior to the combined loading event. For example, for subsea foundations that form part of a
pipeline network, as a significant time lag is encountered between lay (or installation) and operation
of the attached pipelines that impose the combined loads.

This study considers coastal and offshore shallow foundation capacity when excess pore pressures,
due to multi-directional loading, do not have the opportunity to dissipate prior to a peak combined
loading event. These conditions are particularly relevant to coastal breakwaters and offshore fixed
bottom platforms, which are subjected not only to a static load of dead weight but also to combined
cyclic loading due to environmental forces (such as waves, winds, currents and ice in arctic regions).
The undrained shear strength of clays degrades under cyclic loading [9-12]. Failure of a coastal dike
was reported in Yan et al. [13], which was attributed to clay strength degradation under cyclic loading
in a storm.

This paper presents a practical numerical method to evaluate the evolution of failure envelopes of

coastal and offshore shallow foundations after the action of multi-directional cyclic loading. The soil

6
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strain softening and rate model proposed by Einav and Randolph [14] was adopted and implemented
into the commercial finite element package ABAQUS through the user subroutine USFLD [15]. The
influence of cyclic loading on the failure envelope was investigated as a function of number of cycles
of loading. Sensitivity studies were carried out to provide insights into the effects of soil strain
softening and rate parameters, soil stiffness index and period of cyclic loading. The study is intended
to present the methodology and to provide insights for geotechnical engineers to assess the

development of failure envelopes for coastal and offshore shallow foundations due to cyclic loading.

2. Strain softening and rate effect model

Among many available soil degradation models [16-19], the one proposed by Einav and Randolph
[14] considers both the effects of strain softening (reducing the undrained shear strength) and strain
rate (enhancing the undrained shear strength) to update the shear strength in a total stress analysis
framework. The rigorous derivation from classical soil mechanics using limit analysis theory and the
verification against centrifuge model tests indicate that this model is appropriate to describe the
development of undrained shear strength of offshore soft clays [20]. The Einav and Randolph model
has been applied previously in the most part to monotonic loading conditions and in only one case to
the interpretation of shallow foundations [20], in which the model was used to replicate centrifuge
tests of monotonic vertical compression and uplift of offshore shallow foundations. Limited cases of
the model to cyclic loading are reported but include the application to interpretation of cyclic T-bar
tests [21] and dynamic pipe installation [22]. This strain softening and rate dependent model has not
yet been applied to the systematic analysis of the capacity of shallow foundations under cyclic
loading.

The premise of this model is that the undrained shear strength (sy) is evaluated based on the current

accumulated absolute plastic shear strain (¢) and current maximum shear strain rate (7, ):
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Su = ﬂsﬂrsuo (1)
IBS = §rem + (1_ 5rem )9735/595 (2)
ﬂr_1+u|og[max(|7'ma)(|’7ref)j (3)

where fs, fr are the strain softening and strain rate factors, respectively. sy is the intact undrained
shear strength. drem indicates the ratio between the fully remoulded and the initial undrained shear
strength suo, and is equal to the reciprocal of the soil sensitivity (St). £os indicates the relative ductility
of the saturated clay, and is equal to the value of & for the soil undrained shear strength to achieve 95%

remoulding. e is the natural exponent. x indicates the rate of undrained shear strength increase per
decade. 7, is the reference shear strain rate, and maximum shear strain rate 7, is defined as

Ag, —Ag,

o (4)

ymax =
where Ag, and Ag, are the major and minor principal total strain increments to occur in the duration

of an increment At.

Stand &5 in the range 2 ~ 6 and 10 ~ 50 respectively are recommended for marine clays [14, 23]. The
strain rate parameter u is advised to range from 0.05 to 0.2 [14, 24, 25].

3. Implementation of strain softening and rate model into finite element program

The soil response in this study was modelled as undrained considering that excess pore pressures in
clay deposits do not have the opportunity to dissipate under cyclic loading in a storm. The Tresca
failure criterion was adopted, which is a widespread assumption to evaluate undrained capacity for

monotonic or cyclic loading boundary value problems [21, 26-28].

3.1 Key steps for implementation of constitutive model in finite element analysis

The 2 key steps to implement the combination of the Einav and Randolph model and Tresca model in

the finite element program are set out below.
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(1) Definition of field variable and solution-dependent state variables. A field variable is a definition

of input or output data representing the value of a variable over a domain, which can be defined as an
artificial field to modify certain material properties during the course of an analysis [15].
Solution-dependent state variables can be defined to evolve with the solution of an analysis, which
are necessary when some information has to be remembered and used later on. One field variable and
7 solution-dependent state variables are defined in this study. The one field variable describes the
evolution of shear strength (sy). The Young’s modulus (E) is directly related to sy through a constant
E/sy ratio. The strain softening and strain rate factors (fs, fr) (see EQ.1) are defined as
solution-dependent state variables. Meanwhile, the major and minor principal total and plastic strains

(le. &.,¢&;,¢, and ¢ ;) at the end of one increment are defined as another 4 solution-dependent

state variables. Finally, the accumulated absolute plastic shear strain (&) is defined as the seventh
solution-dependent state variable.

(2) Updating the Tresca model with field variables. The undrained shear strength (su) and Young’s

modulus (E) for the Tresca model are calculated based on field variables. This is realised by relating
the Tresca model with user-defined field variable dependencies turned on in the material properties
definition. At the beginning of an increment, the field variable over the whole soil domain can be
obtained and the corresponding values of undrained shear strength (su) and Young’s modulus (E) will
be updated. The USDFLD subroutine defines field variables at a material point by calling the
GETVRM utility routine, which extracts variables such as strain and stress [15]. The 5

solution-dependent state variables, i.e. major and minor principal total and plastic strains (&, , &,
£, and g_,), which are provided by the GETVRM utility routine, and accumulated absolute plastic
shear strain £ at the end of one increment are stored. At the end of the current increment, the updated

major and minor principal total and plastic strains (&, &;, &,, and &, ) are again extracted using

GETVRM. Then the maximum shear strain rate (7, ) at the current increment can be evaluated
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according to Eq. (4) based on the stored and current major and minor principal total strains (&, , &,
£, and g ;). The accumulated absolute plastic shear strain ¢ is updated with the calculated strain

from the current increment. Consequently, the field variable over the whole soil domain is calculated

on the basis of the current accumulated absolute plastic shear strain & and the current maximum shear
strain rate (7, ) according to Eq. (1) to Eq. (3). Soil strain softening or rate effect factors, i.e. s and

pr, are stored as two solution-dependent state variables. Geometrically nonlinear effects of soil
elements were taken into account in this step in order to precisely evaluate the accumulated strain. It
is noted that the model deformation in this study was relatively small and thus large deformation
finite element analysis with remeshing was unnecessary. The geometrically nonlinear finite element
analysis was selected for precision and acceptable computational time during the analysis under
cyclic loading.

3.2 Validation of constitutive model

In this section, the user subroutine for the constitutive model is validated and the validity of the
adopted constitutive model to capture the degradation characteristics of soft clay under cyclic loading
is demonstrated and discussed.

Strain controlled 2-way symmetric cyclic loading was modelled with a period of 6s for a single
element to illustrate the evolution of soil shear strength and stiffness with increasing number of cycles
by using the strain softening and rate dependent model adopted in this study. The initial shearing
modulus of elasticity of the soil element under cyclic horizontal shear strain was taken as 5x10° kPa
and the intact undrained shear strength (suo) was taken as 10 kPa, typical values for marine clays. The
failure envelopes are presented as dimensionless quantities, such that the particular magnitude of soil
strength selected for the analyses is not relevant, and the effect of the ratio of stiffness to strength is
considered in the parametric study presented later. The main soil strain softening and rate parameters

in the model include soil sensitivity (St), soil relative ductility (&es) and strain rate parameter (x) which

10
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can deduced from soil shear strengths and accumulated absolute plastic shear strains at different
cycles of strain-controlled undrained cyclic tests or cyclic penetration and extraction tests using

full-flow penetrometers such as T-bar and ball according to Eg. (1) to (4). Soil sensitivity (St), soil
relative ductility (&es), strain rate parameter (x) and the reference shear strain rate ( 7, ) for the soil

element were taken as 4, 10, 0.05 and 3x10°s* which are typical values within the recommended
ranges of marine clays [14, 23-25]. For the finite element analysis, Poisson’s ratio is assumed 0.49 to
simulate the undrained soil conditions of no volume change while ensuring numerical stability. The
second-order fully integrated brick, hybrid element C3D20H [15] is adopted. The hybrid element
formulation uses a mixture of displacement and stress variables and is recommended for simulating
the response of near-incompressible materials, such as undrained clay to more clearly identify the
plastic yield point. Fig. 2 demonstrates the accuracy of the user subroutine of the strain softening and
rate dependent constitutive model programmed for Abaqus and demonstrates the versatility of the
strength degradation model for varying levels of strain. The initial value of su/suo Is greater than 1 due
to the rate effect once cyclic loading has been initiated, with the logarithmic horizontal scale starting
at N = 0.03. The forms of the stress-strain and strength degradation responses indicate the reduction in
stiffness and strength with increasing number of cycles. Good agreement between the finite element
method (FEM) simulation result and the theoretical solution calculated by Eq. (1) to Eqg. (4) indicates
the correctness of the developed code for the user material subroutine used in this study.

The strain softening and rate dependent model adopted in this study has been validated for cyclic
loading conditions through comparison with experimental results of cyclic T-bar tests [21] and
dynamic pipe lay [22]. The agreement of theoretical and experimental results demonstrates that the
selected model can capture the degradation characteristics of soft clay under cyclic loading. An
additional validation is presented in Fig. 3, which compares strength degradation with number of
cycles predicted by the constitutive model implemented in the finite element program and that

reported from a cyclic simple shear test [29]. Conditions modelled in the finite element analysis
1
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replicated those reported for the simple shear test: Symmetrical cyclic loading at a cyclic horizontal
shear strain of 7, = 15% was imposed; soil sensitivity (St) was equal to 7, obtained from a fall cone

test; the cell pressure of the specimen was 60 kPa; the initial shearing modulus of elasticity was equal
to 3.15x10° kPa. Soil relative ductility (&es), strain rate parameter (x) and intact undrained shear
strength (Suo) were taken as 7.67, 0.024 and 12.42 kPa respectively deduced from soil shear strengths

and accumulated absolute plastic shear strains at N = 0.25, 0.75, 5.75 and 9.25 according to Eq. (1) to
(3). The reference shear strain rate (7, ) was assumed as 3x10 s, For the finite element numerical

analysis, Poisson’s ratio was assumed 0.49. The FEM simulation result shows close agreement with
the experimental data. The shear strain rate applied in the experimental tests from N =0to N = 0.25
and from N = 9 to N = 9.25 was 4.5% / hour while it was 45% / hour at the rest of the cyclic simple
shear test [29]; and these different shearing rates over different time periods were replicated in the
finite element analysis. According to Eq. (1) to (4), the lower the shear strain rate, which will reduce
the strain rate factor (fs), the lower the soil shear strength. The soil shear strengths at N = 0.25 and N
= 9.25 of the experimental data and FEM simulation result are smaller than the predicted values
observed from the fitted polynomial curves of experimental data and FEM simulation result except
points at N = 0.25 and N = 9.25 because of a low shearing rate effect. The validation shows that the
Tresca model modified by the Einav and Randolph model can adequately describe the soil strain
softening and rate effects under cyclic loading.

4. Failure envelope of shallow foundation on intact soil

The failure envelope of a shallow foundation on intact soil is first evaluated. A two-dimensional finite
element model in plane strain conditions is shown in Fig. 4. The foundation width is denoted as B and
the soil domain is 12x6B. Infinite elements were initially considered at the periphery of the mesh as
these are recommended for cyclic or dynamic loading events, but resulting failure envelopes with and

without considering soil strain softening and rate effects were the same with and without infinite

12
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elements indicating that the soil domain was sufficient to ensure no boundary effects. For
computational efficiency (time and storage space), the model without infinite elements was adopted.
Finer mesh discretisation (minimum element size B/40) is used in the region close to the foundation to
improve numerical accuracy. The pure capacities on intact soil and the effect of minimum element
size on the post-cyclic capacity, that are shown later, indicated that the meshes adopted in this study
were optimally refined and provided a balance between accuracy and calculation efficiency. A mesh
sensitivity study is presented later (in Section 5.3). The second-order fully integrated rectangular
hybrid element CPE8H was adopted. The strip foundation was modelled as a rigid body with the
reference point prescribed at the centre of the foundation base. The interface between the soil and the
foundation was modelled as fully bonded, to represent undrained uplift resistance of the foundation,
in practice achieved by passive suction (relative to ambient pressure) developed between the seabed
and underside of the foundation [3], considered appropriate for the short-term cyclic loading
considered in this study.

The soil was modelled as a Tresca material with a uniform intact undrained shear strength defined by
Suo. It is acknowledged that deep offshore sediments often exhibit linearly increasing undrained shear
strength with depth. The assumption of uniform soil strength with depth for this study is an
appropriate approximation for many nearshore seabeds and to demonstrate the proposed numerical
method accounting for cyclic loading effects. Young’s modulus E = 1000s, and Poisson’s ratio was
assumed 0.49.

The probe test approach, introduced by Bransby and Randolph [2], was adopted to numerically
evaluate the failure envelope. In the probe test, the foundation is displaced at fixed ratios of
displacements u/w, 8B/w, and 6B/u. Consequently, the resultant load develops until an ultimate load is
reached. Fig. 5 illustrates the normalised resistance for the probe test with a displacement ratio of u/w
= 3. By plotting the loading path in VHM space, the final point i.e. ultimate load, is considered to be

sitting on the failure envelope. The failure envelopes are obtained by fitting a smooth curve through

13
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the final points of all the probe tests. 26 probe tests were conducted in this analysis as illustrated in
Fig. 6 to assess the failure envelopes. Also shown are the numerical results presented in Gourvenec
[4], indicating close agreement with this study.

Pure vertical, horizontal and moment capacity on intact soil are defined as Vurintact, Hutt,intact and
Murt,intact respectively. The pure vertical capacity factor Nvjintact = Vuiintact/BSuo = 5.22 in this study is
1.5% greater than the exact solution of 2 + x [30] while the moment capacity factor Nmiintact =
Muitintact/B?Suo = 0.72 is about 4.3% greater than the upper bound solution of 0.69 proposed by Murff
and Hamilton [31]. According to the assumption that sliding failure of a rough-based surface
foundation occurs along the soil-foundation interface, the horizontal resistance equal to the mudline
undrained shear strength and thus Nhiintact = 1. The horizontal capacity factor is calculated as NH,intact =
Hutt,intact/BSuo = 1.06 in this study, which is slightly greater (6%) than the exact solution of 1.0. These

comparisons indicate that the finite element model for this study is acceptably accurate.

5. Evolution of failure envelope under cyclic loading

5.1 Example case study

Geometry and loading conditions

An example is presented in this section to illustrate the proposed methodology for capturing the
effects of soil degradation resulting from multi-directional cyclic loading on the undrained failure
envelope for a shallow foundation. The example is based on a proposed caisson breakwater with
smooth curved face, shown in Fig. 7, to be installed off the coast of Tianjin, China. The breakwater
has a foundation width B = 29 m. The seabed was found to have a uniform initial (intact) soil shear
strength syo = 20 kPa within the depth of interest. The wave forces acting on the curved face provide
horizontal and vertical load components on the foundation. Meanwhile, the base stress under a
caisson breakwater with a curved face is more uniform than for a traditional caisson breakwater with

a vertical wall. Thus this kind of caisson breakwater is suitable for more severe wave conditions

14
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compared with a traditional caisson breakwater with a vertical wall. The submerged self-weight of the
foundation and superstructure (W") is taken as 1515 kN/m, which amounts to W'/Bsuo = Vutt,intact/BSuo/2
= Nv,intact/2. Cyclic environmental loads, such as a storm loading, can be idealised as a sinusoidal
cyclic sequence [32] This study takes the cyclic load period T as 6 seconds and a 100 minute storm is
considered (i.e. 1000 cycles of sinusoidal loading). A cyclic amplitude of 0.3Vuu,ntact around the
self-weight W' and cyclic amplitudes of 0.6Huit,intact and 0.6Murintact about a zero horizontal load or
moment are considered. As illustrated in Fig. 8, the vertical load cycles about the self-weight W vary
between 0.35Vuit,intact and 0.65Vuintact; the horizontal load cycles between -0.3Hutt,intact and 0.3Huit intact
and moment from -0.3Mut,intact and 0.3Mut,intact. AS V, H and M have the same phase, the loading path
represents a straight line in VHM space. It is acknowledged that the load path during a storm can be
much more complex than this linear assumption. However, this study focussed on demonstrating the
proposed method to investigate the evolution of failure envelopes - the methodology can be applied to
consider any combination of cyclic loading.

Soil conditions

The Tresca criterion modified by the Einav and Randolph model as outlined and validated above was
adopted to model the soil response. In the current example, soil sensitivity, soil relative ductility,

strain rate parameter and the reference shear strain rate were chosen with S¢=4, &s= 30, = 0.1 and
V. = 3x10°° s, respectively. The values fall within the range of suggested values for marine clays

[14, 23-25], derived from the test methods described in Section 3.2. A sensitivity study of the various
model parameters is presented in section 6. Analysis methodology

The combined approach of load controlled geometrically nonlinear finite element analysis and
displacement controlled small strain finite element analysis described in section 3 and 4 was used.
Initially multi-directional VHM cyclic loading was applied in a geometrically nonlinear finite element
analysis during which process the gradual evolution of the shear strength due to soil strain softening

and rate effects under multi-directional cyclic loading is captured. In order to obtain the gradual
15



357

358

359

360

361

362

363

364

365

366

367

368
369

370

371

372

373

374

375

376

377

378

379

380

381

A Practical Method to Evaluate Failure Envelopes of Shallow Foundations Xiao/Tian/Gourvenec
Considering Soil Strain Softening and Rate Effects

evolution of the shear strength due to soil strain softening and rate effects under multi-directional
cyclic loading, load controlled geometrically nonlinear finite element analyses are adopted. In order
to evaluate the capacity of a shallow foundation after the action of multi-directional cyclic loading
considering soil degradation, monotonic displacement controlled probe tests were carried out to
evaluate the failure envelope based on the updated shear strength field of the soil, which is passed
from the result of the load controlled geometrically nonlinear finite element analysis.

Monotonic displacement controlled probe tests were carried out to evaluate the failure envelope at N
=0, 200, 600 and 1000 cycles of loading (N = 0 corresponds to an intact soil response). The Young’s
modulus (E) is directly related to sy through a constant E/sy ratio (1000 unless otherwise specified)
and Poisson’s ratio is assumed 0.49. The undrained shear strength sy is related to the field variable,

which is specified as an initial condition prior to the probe test analyses.

5.2 Degradation of undrained shear strength sy across the soil domain

The soil strain softening factor (5s) under multi-directional cyclic loading is plotted as contour lines in
Fig. 9 corresponding to cycle number N = 200, 600, 1000. Low ps indicates a high degree of
degradation and thus lower soil undrained shear strength (su). Fig. 9 indicates the greatest degradation
of soil shear strength due to plastic shear strain is concentrated in soil elements at one corner of the
foundation. The extent of the zone of soil degradation increased with increasing number of loading
cycles and the asymmetrical soil degradation zones are due to the coupled effect of cyclic VHM
loading.

Fig. 10 reiterates the non-uniform soil degradation across the soil domain, showing strain softening
factor and accumulated absolute plastic shear strain at four discrete integration points in the soil
domain close to the foundation. Points A and D are located under the right corner of the strip
foundation at a depth of 0.025B and 0.2B respectively, while point C is located under the middle and
E under the left corner of the foundation at a depth of 0.025B. From Fig. 10, we can see that soil strain

softening factor (fs) calculated by the finite element method has the same value as that calculated by
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Eq. (2), providing an additional check for the user subroutine developed for the finite element
program. Integration point A, which is located at the compressive corner at shallow depth, has
minimum values of soil strain softening factor (fs), i.e. greatest degradation in soil strength, and the
maximum values of accumulated absolute plastic shear strain (&). The soil at point A has been almost
completely remoulded after 1000 cycles. Integration point C, which is located under the middle of the
strip foundation, has the maximum value of soil strain softening factor (fs) , i.e. minimum
degradation in soil strength, and the minimum value of accumulated absolute plastic shear strain (&).
The soil at point C has been partially remoulded, 7.05% after 1000 cycles. Corresponding values at
integration point E and D fall in between those of integration point A and C. The asymmetric soil
strength degradation arises as the vertical cyclic load fluctuates around the submerged self-weight of
the foundation and superstructure (W"), such that the base stresses during the first half of every cycle
are higher than those during the latter half according to Fig. 8. As a result, the shallow foundation
rotates towards integration point A due to the moment loading during the first half of every cycle
while to integration point E during the latter half. Accumulated absolute plastic shear strain (&) at
integration point A is higher than that at point E, because the shallow foundation rotates to integration
point A with a higher soil stress due to the vertical loading while to integration point E with a lower

soil stress. So point A has a smaller value of soil strain softening factor (fs) than point B.

5.3 Effect of cyclic preloading on failure envelopes

Failure envelopes in VH, VM and HM planes at N = 0, 200, 600, 1000 are illustrated in Fig. 11, where
N = 0 indicates the intact soil case. This figure shows that capacity reduces, indicated by the failure
envelopes contracting inward, with increasing number of loading cycles as the extent and magnitude
of soil strength degradation increases. Pure vertical, horizontal and moment capacity are defined as
Vui, Hui and My, respectively. In this example, the vertical capacity factor Nv = Vu/Bsuo, horizontal
capacity factor Nn = Hur/Bsuwo and the moment capacity factor Nm = Mu/B?suo decreased by 5.49%,

6.96% and 6.46%, respectively after 1000 cycles of loading compared with pure vertical, horizontal
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and moment capacity on intact soil (i.e. Nvintact, NH,intact and Nwmiintact). It is noted that both strain
softening and rate effects are accounted for during the cyclic pre-loading in the load controlled
geometrically nonlinear finite element analysis. Displacement controlled probe tests were carried out
to obtain the undrained failure envelope which can be used to evaluate the capacity of a shallow
foundation after the action of multi-directional cyclic loading considering soil degradation. The rate
enhancement effect is neglected to obtain the undrained failure envelope since shear strain rate is not
considered in the displacement controlled probe tests without cyclic loading.

The shape of the failure envelope following a sequence of multi-directional cyclic loading is quite
consistent despite the asymmetric degradation zone. Thus, it is reasonable to scale the failure
envelope by only using the pure capacities Vui, Hur, Mur, while assuming the shape of the envelope is
constant. Vertical, horizontal and moment capacity reduction factors, av, an and am, defined as
Vuit/Vuttintact, Hutt/Huttintact and Mui/Muitintact respectively can be defined to scale the envelopes. This is
shown in Fig. 12, 14, 16, 18, 20 and 21 later for the specific loading protocol considered in this study.
The lower the values of pure capacity reduction factors av, an and am, the greater the soil
degradation and hence reduction in capacity.

Mesh sensitivity analyses were carried out with 3 different meshes characterised by different
minimum element sizes to ensure optimal calculation accuracy. Minimum element sizes of 0.01B,
0.025B (selected for this study) and 0.05B were considered. It can be indicated from Fig. 12 that the
post-cyclic capacities of shallow foundations with different minimum element sizes show a close
agreement. The maximum error is less than 1.1%. The results indicate that the meshes adopted in this

study are suitably refined.

5.4 Effect of cyclic preloading on failure mechanisms

The plastic shear bands (which are a reasonable measure to represent the failure mechanism)
corresponding to the pure vertical probe test at N = 0, 200, 600, 1000 of VHM cyclic loading are

shown in Fig. 13. The failure mechanism under pure vertical load, following cyclic VHM preloading,
18
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gradually changed from a symmetrical “two-sided” Prandtl failure mechanism to an asymmetric
“one-sided” mechanism due to non-uniform evolution of undrained shear strength across the soil
domain with weaker soil around one corner (as also shown in Fig. 9).The development of asymmetric
strength degradation is discussed in section 5.2, and is caused by the coupled effect of cyclic VHM
loading. A failure zone will preferentially generate in soil with lowest undrained shear strength,
following the path of least resistance. Increasingly weaker undrained shear strength of the soil near
one corner of the foundation is responsible for the transition of the failure mechanism from a
symmetrical two-sided configuration to an asymmetric one-sided configuration.

It is found that the failure mechanisms under pure horizontal sliding and pure rotation post cyclic
loading are both largely unchanged in this example. The failure mechanism under pure horizontal
loading is still a translational sliding mechanism beneath the foundation while a scoop mechanism
governs under pure moment. Thus plots of plastic shear bands at failure under a pure horizontal
sliding and pure rotation probe following cyclic loading are omitted for brevity.

6. Parametric study of model parameters

A parametric study was carried out to assess the effects of the value of strain softening and rate
parameters including soil sensitivity, S, relative ductility, £os and strain rate parameter, x, the stiffness
index, E/s, and the period of cyclic loading, T. All parameters were kept the same as the “base case”
calculation example presented above, with only one parameter varying in any individual parametric
analysis.

6.1 Effect of soil sensitivity, St

Three values of soil sensitivity, Si= 2, 4 (base case), 6 were considered. Clays with a higher value of
soil sensitivity, St are prone to experience a greater loss of strength as a result of remoulding. Effects
of the magnitude of soil sensitivity, St, on capacity reduction of av, an and am are shown in Fig. 14. It
is evident that the degree of degradation of pure capacity increases with increasing number of loading

cycles (N) due to the steady accumulation of absolute plastic shear strain. Further, greater sensitivity
19



457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

A Practical Method to Evaluate Failure Envelopes of Shallow Foundations Xiao/Tian/Gourvenec
Considering Soil Strain Softening and Rate Effects

St results in greater reduction in capacity of a coastal and offshore shallow foundation following a
sequence of undrained cyclic loading considering soil degradation. Effects of the magnitude of soil
sensitivity, St on degradation factor s of shear strength sy when N = 1000 are shown in Fig. 15. The
extent of the zone of soil degradation increased with increase of soil sensitivity, St, which causes
greater reduction in capacity of a shallow foundation on a deposit with greater sensitivity St.

6.2 Effect of soil relative ductility, ¢os

Three values of soil relative ductility, &s= 10, 30 (base case), 50 were considered. A more ductile
clay has a higher value of soil relative ductility, &os while a more brittle clay has a lower value. Effects
of the magnitude of soil relative ductility, &os on capacity reduction factors av, an and am are shown
in Fig. 16. Effects of the magnitude of soil ductility parameter, £o5 on degradation factor fs of shear
strength s, when N=1000 are shown in Fig. 17. Values of av, an and am reduce with increasing
number of load cycles (N). Greater soil ductility parameter, £os obviously reduces the extent of the
zone of soil degradation, so greater soil relative ductility fos effectively reduces the softening.
Physically, brittle clay tends to have greater reduction in capacity than ductile clay following the
sequence of cyclic loading.

6.3 Effect of soil strain rate parameter, u

Three values of soil strain rate parameter, = 0.05, 0.10 (base case), 0.2 were considered. Clays with
a higher value of soil strain rate parameter, x have a stronger rate effect, associated with higher
enhancement in undrained shear strength with rate. Effects of the magnitude of soil strain rate
parameter, u on capacity reduction factors av, a4 and am are shown in Fig. 18. Effects of the
magnitude of soil rate parameter, x on degradation factor fs of shear strength s, when N=1000 are
shown in Fig. 19. Values of av, a+ and am reduce with increasing number of load cycle N. Larger soil
rate parameter, « reduces the extent of the zone of soil degradation and tends to enhance soil strength

and thus less plastic strain is accumulated with increasing number of load cycles (N). Consequently,
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less capacity reduction can be seen for greater .

6.4 Effect of constant stiffness index, E/sy

The bearing capacity of a surface foundation on a Tresca material is generally accepted to be
independent of the magnitude of stiffness index, E/sy due to the elastic perfectly plastic constitutive
law. However, stiffness index (E/sy) affects plastic strain accumulation during the cyclic loading in
this study. Clays with a lower value of soil stiffness index, E/s, have a higher compressibility.
Parametric analyses with stiffness indicies E/sy, = 500, 1000 (base case) and 1500 were considered.
The result is shown in Fig. 20. It can be seen that vertical, horizontal and moment capacity reduction
factors, i.e. av, an and awm, decreased with increasing number of loading cycles (N). Larger E/sy
(stiffer soil) leads to less shear strain and thus less degradation, such that a greater reduction in
capacity of coastal and offshore shallow foundation on clays with high compressibility would be

expected following a sequence of cyclic loading considering soil degradation.

6.5 Effect of period of cyclic loading, T

Three periods of cyclic loading, T = 3.6, 6 (base case), 12 s were considered. A lower period of cyclic
loading, T generates a larger shear strain rate and has a stronger rate effect, leading to a higher
enhancement in undrained shear strength with rate. Effects of the magnitude of period of cyclic
loading, T on capacity reduction factors av, ax and am are shown in Fig. 21. Values of av, a+ and am
reduce with increasing number of load cycle N. Smaller T tends to enhance soil strength and thus less
plastic shear strain is accumulated with increasing number of load cycles N. Consequently, less
capacity reduction can be seen for smaller T although the effect is minimal.

In summary, results of the parametric analyses have shown that soil sensitivity, St, relative ductility,
&es and the stiffness index, E/sy have more influence on capacity of shallow foundations subjected to

undrained cyclic preloading than strain rate parameter, x« and the period of cyclic loading, T.

7. Concluding Remarks
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A practical method has been presented to evaluate failure envelopes of coastal and offshore shallow
foundations considering soil strain softening and rate effects under cyclic loading. This method is
realised through a user subroutine in the finite element software ABAQUS, using a combined
approach of load controlled geometrically nonlinear finite element analysis and displacement
controlled small strain finite element analysis. The method can be applied to a range of different
coastal and offshore shallow foundation conditions, and to large deformation problems using the
RITSS FEM approach.

Soil degradation is detrimental to the capacity of shallow foundations and should be taken into
account in design of coastal and offshore shallow foundations. The method presented in this paper
captures significant reductions in undrained capacity of coastal and offshore shallow foundations on
saturated marine clays following a sequence of undrained multi-directional cyclic loading, by
considering soil strength degradation in the constitutive model. The kinematic mechanisms
accompanying failure under pure vertical probe tests were shown to change significantly due to the
resulting non-uniform undrained shear strength across the soil domain following a sequence of
multi-directional cyclic loading.

This study considers the soil response as fully undrained, i.e. ignoring any gain in soil strength due to
soil consolidation as a safety reserve. The method presented here offers a rational and practical way to
account for soil strength degradation due to the combined effects of strain softening and rate effects
by incorporating the Einav and Randolph model for strain softening and rate effects into a Tresca
model. The Einav and Randolph model has less parameters than other strength degradation models,
and the parameters have clear physical meaning and can be easily obtained from soil strain-controlled
undrained cyclic tests or cyclic penetration and extraction tests with flow around penetrometers. The
undrained soil response modelled saves computational cost as pore pressures do not need to be
calculated in each step. The method is practical and appropriate to evaluation of the undrained

post-cyclic capacity of coastal and offshore shallow foundations.
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Figure captions

Figure 1: Sign convention and nomenclature for loads and displacements

Figure 2: (a) Stress-strain response and (b) degradation of shear strength of a soil element corresponding to
different amplitudes of cyclic horizontal shear strain

Figure 3: Comparison of the soil shear strengths with number of cycles between FEM simulation result and
experimental data

Figure 4: Finite element mesh

Figure 5: Example of normalised load-displacement curves showing definition of failure

Figure 6: Validation: Failure envelopes and displacement-controlled load paths for a surface strip foundation
on intact soll

Figure 7: Cross-section diagram of the caisson breakwater with smooth curved face

Figure 8: Sinusoidal cyclic loading with a period T=6 s

Figure 9: Contours of degradation factor s of shear strength su due to soil strain softening under undrained
cyclic loading

Figure 10: The non-uniform soil degradation at different integration points (a) Locations of integration points A,
C, D and E and (b) soil strain softening factors and accumulated absolute plastic shear strains at those
integration points

Figure 11: Influence of cyclic loading induced soil degradation on failure envelopes

Figure 12: Effect of minimum element size on post-cyclic capacity

Figure 13: Plastic shear bands at failure under a pure vertical displacement probe following N cycles of
undrained cyclic loading

Figure 14: Effect of soil sensitivity, St on post-cyclic capacity

Figure 15: Effect of soil sensitivity, St on degradation factor s of shear strength su when N=1000

Figure 16: Effect of soil ductility parameter, o5 on post-cyclic capacity

Figure 17: Effect of soil ductility parameter, os on degradation factor s of shear strength sy when N=1000
Figure 18: Effect of soil rate parameter, y on post-cyclic capacity

Figure 19: Effect of soil rate parameter, y on degradation factor Bs of shear strength sy when N=1000

Figure 20: Effect of stiffness index, E/Su on post-cyclic capacity

Figure 21: Effect of period of cyclic loading, T on post-cyclic capacity
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