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A Practical Method to Evaluate Failure Envelopes of Shallow Foundations 51 

Considering Soil Strain Softening and Rate Effects 52 

Zhong Xiaoa, *, Yinghui Tiana, b and Susan Gourvenecb 53 
Abstract 54 

This paper presents a practical method to evaluate the development of failure envelopes of coastal and 55 

offshore shallow foundations after the action of multi-directional cyclic loading considering soil 56 

degradation. This is realised by implementing a soil strain softening and rate model into a finite 57 

element package and using a combined approach of load controlled geometrically nonlinear finite 58 

element analysis and displacement controlled small strain finite element analysis. The gradual 59 

evolution of soil strain softening and rate effects are monitored and utilised to update the shear 60 

strength during the analysis under multi-directional cyclic loading. The failure envelope is then 61 

investigated based on the updated shear strength field of the soil. After introducing the approach and 62 

demonstrating with an example, a systematic study is presented to explore the effects of soil strain 63 

softening and rate parameters, soil stiffness index and period of cyclic loading on load carrying 64 

capacity of coastal and offshore shallow foundations. The results show that soil degradation should be 65 

taken into account in design of coastal and offshore shallow foundations because it is detrimental to 66 

the capacity of shallow foundations. Results of the parametric analyses have shown that soil 67 

sensitivity, relative ductility and the stiffness index have more influence on capacity of shallow 68 

foundations subjected to undrained cyclic preloading than strain rate parameter and the period of 69 

cyclic loading. 70 

Keywords: shallow foundation; failure envelope; soil degradation; undrained cyclic preloading; 71 

strain softening effect; strain rate effect   72 
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Notation list 73 

B  Foundation width 74 

E Young’s modulus 75 

H Horizontal load  76 

Hult Pure horizontal capacity 77 

Hult,intact Pure horizontal capacity on intact soil 78 

M Moment 79 

Mult Pure moment capacity 80 

Mult,intact Pure moment capacity on intact soil 81 

N The cycle number of cyclic loading 82 

NH Horizontal capacity factor, = Hult/Bsu0 83 

NH,intact Horizontal capacity factor on intact soil, = Hult,intact/Bsu0 84 

NM Moment capacity factor, = Mult/B2su0 85 

NM,intact Moment capacity factor on intact soil, = Mult,intact/B2su0 86 

NV Vertical capacity factor, = Vult/Bsu0 87 

NV,intact Vertical capacity factor on intact soil, = Vult,intact/Bsu0 88 

St Soil sensitivity 89 

su Undrained shear strength 90 

su0 Intact undrained shear strength 91 

T Period of cyclic loading 92 

u Horizontal displacement 93 

V Vertical load 94 

Vult Pure vertical capacity 95 

Vult,intact Pure vertical capacity on intact soil 96 

W'  Submerged self-weight of the foundation and superstructure 97 
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w Vertical displacement 98 

αV, αH, αM Vertical, horizontal and moment capacity reduction factors 99 

βs, βr Soil strain softening and rate factors 100 

cγ  Cyclic shear strain 101 

maxγ  Current maximum shear strain rate 102 

refγ  Reference shear strain rate 103 

t∆  Time increment 104 

p1ε , p3ε  Major and minor principal plastic strains 105 

1ε , 3ε  Major and minor principal total strains 106 

δrem Reciprocal of soil sensitivity, =1/St 107 

θ Rotation angle 108 

μ Rate of undrained shear strength increase per decade 109 

ξ Current accumulated absolute plastic shear strain 110 

ξ95 Soil relative ductility (Value of ξ for the soil undrained shear 111 

strength to achieve 95% remoulding) 112 

113 
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1. Introduction 114 

Coastal and offshore shallow foundations are subjected to a combination of vertical load (V), 115 

horizontal load (H) and moment (M). The common convention of loads (V, H and M) and the 116 

corresponding displacements (w, u and θ) are as illustrated in Fig. 1. The failure envelope approach is 117 

now well established to address shallow foundation capacity under combined loading. This method 118 

for geotechnical applications can be tracked down to Roscoe and Schofield [1] and has been 119 

increasingly used to evaluate the multi-directional capacity of offshore foundations. The majority of 120 

existing studies consider undrained soil response and rely on an initial, constant value of undrained 121 

shear strength over the period of loading [2-6]. Some studies have considered the effect of monotonic 122 

vertical preloading on the undrained shear strength distribution in the supporting soil and the resulting 123 

gains in consolidated, undrained combined load capacity [7, 8]. These latter studies are relevant for 124 

field conditions in which excess pore pressures generated during vertical preloading are able to 125 

dissipate prior to the combined loading event. For example, for subsea foundations that form part of a 126 

pipeline network, as a significant time lag is encountered between lay (or installation) and operation 127 

of the attached pipelines that impose the combined loads. 128 

This study considers coastal and offshore shallow foundation capacity when excess pore pressures, 129 

due to multi-directional loading, do not have the opportunity to dissipate prior to a peak combined 130 

loading event. These conditions are particularly relevant to coastal breakwaters and offshore fixed 131 

bottom platforms, which are subjected not only to a static load of dead weight but also to combined 132 

cyclic loading due to environmental forces (such as waves, winds, currents and ice in arctic regions). 133 

The undrained shear strength of clays degrades under cyclic loading [9-12]. Failure of a coastal dike 134 

was reported in Yan et al. [13], which was attributed to clay strength degradation under cyclic loading 135 

in a storm. 136 

This paper presents a practical numerical method to evaluate the evolution of failure envelopes of 137 

coastal and offshore shallow foundations after the action of multi-directional cyclic loading. The soil 138 



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

7 

 

strain softening and rate model proposed by Einav and Randolph [14] was adopted and implemented 139 

into the commercial finite element package ABAQUS through the user subroutine USFLD [15]. The 140 

influence of cyclic loading on the failure envelope was investigated as a function of number of cycles 141 

of loading. Sensitivity studies were carried out to provide insights into the effects of soil strain 142 

softening and rate parameters, soil stiffness index and period of cyclic loading. The study is intended 143 

to present the methodology and to provide insights for geotechnical engineers to assess the 144 

development of failure envelopes for coastal and offshore shallow foundations due to cyclic loading. 145 

 146 

2. Strain softening and rate effect model 147 

Among many available soil degradation models [16-19], the one proposed by Einav and Randolph 148 

[14] considers both the effects of strain softening (reducing the undrained shear strength) and strain 149 

rate (enhancing the undrained shear strength) to update the shear strength in a total stress analysis 150 

framework. The rigorous derivation from classical soil mechanics using limit analysis theory and the 151 

verification against centrifuge model tests indicate that this model is appropriate to describe the 152 

development of undrained shear strength of offshore soft clays [20]. The Einav and Randolph model 153 

has been applied previously in the most part to monotonic loading conditions and in only one case to 154 

the interpretation of shallow foundations [20], in which the model was used to replicate centrifuge 155 

tests of monotonic vertical compression and uplift of offshore shallow foundations. Limited cases of 156 

the model to cyclic loading are reported but include the application to interpretation of cyclic T-bar 157 

tests [21] and dynamic pipe installation [22]. This strain softening and rate dependent model has not 158 

yet been applied to the systematic analysis of the capacity of shallow foundations under cyclic 159 

loading.  160 

The premise of this model is that the undrained shear strength (su) is evaluated based on the current 161 

accumulated absolute plastic shear strain (ξ) and current maximum shear strain rate ( maxγ ): 162 
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where βs, βr are the strain softening and strain rate factors, respectively. su0 is the intact undrained 166 

shear strength. δrem indicates the ratio between the fully remoulded and the initial undrained shear 167 

strength su0, and is equal to the reciprocal of the soil sensitivity (St). ξ95 indicates the relative ductility 168 

of the saturated clay, and is equal to the value of ξ for the soil undrained shear strength to achieve 95% 169 

remoulding. e is the natural exponent. μ indicates the rate of undrained shear strength increase per 170 

decade. refγ  is the reference shear strain rate, and maximum shear strain rate maxγ  is defined as 171 

1 3
max t

ε εγ ∆ − ∆
=

∆
  (4) 172 

where 1ε∆  and 3ε∆  are the major and minor principal total strain increments to occur in the duration 173 

of an increment t∆ . 174 

St and ξ95  in the range 2 ~ 6 and 10 ~ 50 respectively are recommended for marine clays [14, 23]. The 175 

strain rate parameter μ is advised to range from 0.05 to 0.2 [14, 24, 25]. 176 

3. Implementation of strain softening and rate model into finite element program 177 

The soil response in this study was modelled as undrained considering that excess pore pressures in 178 

clay deposits do not have the opportunity to dissipate under cyclic loading in a storm. The Tresca 179 

failure criterion was adopted, which is a widespread assumption to evaluate undrained capacity for 180 

monotonic or cyclic loading boundary value problems [21, 26-28].  181 

3.1 Key steps for implementation of constitutive model in finite element analysis 182 

The 2 key steps to implement the combination of the Einav and Randolph model and Tresca model in 183 

the finite element program are set out below. 184 
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(1) Definition of field variable and solution-dependent state variables. A field variable is a definition 185 

of input or output data representing the value of a variable over a domain, which can be defined as an 186 

artificial field to modify certain material properties during the course of an analysis [15]. 187 

Solution-dependent state variables can be defined to evolve with the solution of an analysis, which 188 

are necessary when some information has to be remembered and used later on. One field variable and 189 

7 solution-dependent state variables are defined in this study. The one field variable describes the 190 

evolution of shear strength (su). The Young’s modulus (E) is directly related to su through a constant 191 

E/su ratio. The strain softening and strain rate factors (βs, βr) (see Eq.1) are defined as 192 

solution-dependent state variables. Meanwhile, the major and minor principal total and plastic strains 193 

(i.e. 1ε , 3ε , p1ε  and p3ε ) at the end of one increment are defined as another 4 solution-dependent 194 

state variables. Finally, the accumulated absolute plastic shear strain (ξ) is defined as the seventh 195 

solution-dependent state variable. 196 

(2) Updating the Tresca model with field variables. The undrained shear strength (su) and Young’s 197 

modulus (E) for the Tresca model are calculated based on field variables. This is realised by relating 198 

the Tresca model with user-defined field variable dependencies turned on in the material properties 199 

definition. At the beginning of an increment, the field variable over the whole soil domain can be 200 

obtained and the corresponding values of undrained shear strength (su) and Young’s modulus (E) will 201 

be updated. The USDFLD subroutine defines field variables at a material point by calling the 202 

GETVRM utility routine, which extracts variables such as strain and stress [15]. The 5 203 

solution-dependent state variables, i.e. major and minor principal total and plastic strains ( 1ε , 3ε , 204 

p1ε  and p3ε ), which are provided by the GETVRM utility routine, and accumulated absolute plastic 205 

shear strain ξ at the end of one increment are stored. At the end of the current increment, the updated 206 

major and minor principal total and plastic strains ( 1ε , 3ε , p1ε  and p3ε ) are again extracted using 207 

GETVRM. Then the maximum shear strain rate ( maxγ ) at the current increment can be evaluated 208 
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according to Eq. (4) based on the stored and current major and minor principal total strains ( 1ε , 3ε , 209 

p1ε  and p3ε ). The accumulated absolute plastic shear strain ξ is updated with the calculated strain 210 

from the current increment. Consequently, the field variable over the whole soil domain is calculated 211 

on the basis of the current accumulated absolute plastic shear strain ξ and the current maximum shear 212 

strain rate ( maxγ ) according to Eq. (1) to Eq. (3). Soil strain softening or rate effect factors, i.e. βs and 213 

βr, are stored as two solution-dependent state variables. Geometrically nonlinear effects of soil 214 

elements were taken into account in this step in order to precisely evaluate the accumulated strain. It 215 

is noted that the model deformation in this study was relatively small and thus large deformation 216 

finite element analysis with remeshing was unnecessary. The geometrically nonlinear finite element 217 

analysis was selected for precision and acceptable computational time during the analysis under 218 

cyclic loading. 219 

3.2 Validation of constitutive model 220 

In this section, the user subroutine for the constitutive model is validated and the validity of the 221 

adopted constitutive model to capture the degradation characteristics of soft clay under cyclic loading 222 

is demonstrated and discussed. 223 

Strain controlled 2-way symmetric cyclic loading was modelled with a period of 6s for a single 224 

element to illustrate the evolution of soil shear strength and stiffness with increasing number of cycles 225 

by using the strain softening and rate dependent model adopted in this study. The initial shearing 226 

modulus of elasticity of the soil element under cyclic horizontal shear strain was taken as 5×105 kPa 227 

and the intact undrained shear strength (su0) was taken as 10 kPa, typical values for marine clays. The 228 

failure envelopes are presented as dimensionless quantities, such that the particular magnitude of soil 229 

strength selected for the analyses is not relevant, and the effect of the ratio of stiffness to strength is 230 

considered in the parametric study presented later. The main soil strain softening and rate parameters 231 

in the model include soil sensitivity (St), soil relative ductility (ξ95) and strain rate parameter (μ) which 232 
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can deduced from soil shear strengths and accumulated absolute plastic shear strains at different 233 

cycles of strain-controlled undrained cyclic tests or cyclic penetration and extraction tests using 234 

full-flow penetrometers such as T-bar and ball according to Eq. (1) to (4). Soil sensitivity (St), soil 235 

relative ductility (ξ95), strain rate parameter (μ) and the reference shear strain rate ( refγ ) for the soil 236 

element were taken as 4, 10, 0.05 and 3×10-6 s-1 which are typical values within the recommended 237 

ranges of marine clays [14, 23-25]. For the finite element analysis, Poisson’s ratio is assumed 0.49 to 238 

simulate the undrained soil conditions of no volume change while ensuring numerical stability. The 239 

second-order fully integrated brick, hybrid element C3D20H [15] is adopted. The hybrid element 240 

formulation uses a mixture of displacement and stress variables and is recommended for simulating 241 

the response of near-incompressible materials, such as undrained clay to more clearly identify the 242 

plastic yield point. Fig. 2 demonstrates the accuracy of the user subroutine of the strain softening and 243 

rate dependent constitutive model programmed for Abaqus and demonstrates the versatility of the 244 

strength degradation model for varying levels of strain.  The initial value of su/su0 is greater than 1 due 245 

to the rate effect once cyclic loading has been initiated, with the logarithmic horizontal scale starting 246 

at N = 0.03. The forms of the stress-strain and strength degradation responses indicate the reduction in 247 

stiffness and strength with increasing number of cycles. Good agreement between the finite element 248 

method (FEM) simulation result and the theoretical solution calculated by Eq. (1) to Eq. (4) indicates 249 

the correctness of the developed code for the user material subroutine used in this study. 250 

The strain softening and rate dependent model adopted in this study has been validated for cyclic 251 

loading conditions through comparison with experimental results of cyclic T-bar tests [21] and 252 

dynamic pipe lay [22]. The agreement of theoretical and experimental results demonstrates that the 253 

selected model can capture the degradation characteristics of soft clay under cyclic loading. An 254 

additional validation is presented in Fig. 3, which compares strength degradation with number of 255 

cycles predicted by the constitutive model implemented in the finite element program and that 256 

reported from a cyclic simple shear test [29]. Conditions modelled in the finite element analysis 257 
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replicated those reported for the simple shear test: Symmetrical cyclic loading at a cyclic horizontal 258 

shear strain of cγ  = 15% was imposed; soil sensitivity (St) was equal to 7, obtained from a fall cone 259 

test; the cell pressure of the specimen was 60 kPa; the initial shearing modulus of elasticity was equal 260 

to 3.15×106 kPa. Soil relative ductility (ξ95), strain rate parameter (μ) and intact undrained shear 261 

strength (su0) were taken as 7.67, 0.024 and 12.42 kPa respectively deduced from soil shear strengths 262 

and accumulated absolute plastic shear strains at N = 0.25, 0.75, 5.75 and 9.25 according to Eq. (1) to 263 

(3). The reference shear strain rate ( refγ ) was assumed as 3×10-6 s-1. For the finite element numerical 264 

analysis, Poisson’s ratio was assumed 0.49. The FEM simulation result shows close agreement with 265 

the experimental data. The shear strain rate applied in the experimental tests from N = 0 to N = 0.25 266 

and from N = 9 to N = 9.25 was 4.5% / hour while it was 45% / hour at the rest of the cyclic simple 267 

shear test [29]; and these different shearing rates over different time periods were replicated in the 268 

finite element analysis. According to Eq. (1) to (4), the lower the shear strain rate, which will reduce 269 

the strain rate factor (βs), the lower the soil shear strength. The soil shear strengths at N = 0.25 and N 270 

= 9.25 of the experimental data and FEM simulation result are smaller than the predicted values 271 

observed from the fitted polynomial curves of experimental data and FEM simulation result except 272 

points at N = 0.25 and N = 9.25 because of a low shearing rate effect. The validation shows that the 273 

Tresca model modified by the Einav and Randolph model can adequately describe the soil strain 274 

softening and rate effects under cyclic loading.  275 

4. Failure envelope of shallow foundation on intact soil 276 

The failure envelope of a shallow foundation on intact soil is first evaluated. A two-dimensional finite 277 

element model in plane strain conditions is shown in Fig. 4. The foundation width is denoted as B and 278 

the soil domain is 12×6B. Infinite elements were initially considered at the periphery of the mesh as 279 

these are recommended for cyclic or dynamic loading events, but resulting failure envelopes with and 280 

without considering soil strain softening and rate effects were the same with and without infinite 281 
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elements indicating that the soil domain was sufficient to ensure no boundary effects. For 282 

computational efficiency (time and storage space), the model without infinite elements was adopted. 283 

Finer mesh discretisation (minimum element size B/40) is used in the region close to the foundation to 284 

improve numerical accuracy. The pure capacities on intact soil and the effect of minimum element 285 

size on the post-cyclic capacity, that are shown later, indicated that the meshes adopted in this study 286 

were optimally refined and provided a balance between accuracy and calculation efficiency. A mesh 287 

sensitivity study is presented later (in Section 5.3). The second-order fully integrated rectangular 288 

hybrid element CPE8H was adopted. The strip foundation was modelled as a rigid body with the 289 

reference point prescribed at the centre of the foundation base. The interface between the soil and the 290 

foundation was modelled as fully bonded, to represent undrained uplift resistance of the foundation, 291 

in practice achieved by passive suction (relative to ambient pressure) developed between the seabed 292 

and underside of the foundation [3], considered appropriate for the short-term cyclic loading 293 

considered in this study. 294 

The soil was modelled as a Tresca material with a uniform intact undrained shear strength defined by 295 

su0. It is acknowledged that deep offshore sediments often exhibit linearly increasing undrained shear 296 

strength with depth. The assumption of uniform soil strength with depth for this study is an 297 

appropriate approximation for many nearshore seabeds and to demonstrate the proposed numerical 298 

method accounting for cyclic loading effects. Young’s modulus E = 1000su and Poisson’s ratio was 299 

assumed 0.49. 300 

The probe test approach, introduced by Bransby and Randolph [2], was adopted to numerically 301 

evaluate the failure envelope. In the probe test, the foundation is displaced at fixed ratios of 302 

displacements u/w, θB/w, and θB/u. Consequently, the resultant load develops until an ultimate load is 303 

reached. Fig. 5 illustrates the normalised resistance for the probe test with a displacement ratio of u/w 304 

= 3. By plotting the loading path in VHM space, the final point i.e. ultimate load, is considered to be 305 

sitting on the failure envelope. The failure envelopes are obtained by fitting a smooth curve through 306 
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the final points of all the probe tests. 26 probe tests were conducted in this analysis as illustrated in 307 

Fig. 6 to assess the failure envelopes. Also shown are the numerical results presented in Gourvenec 308 

[4], indicating close agreement with this study.  309 

Pure vertical, horizontal and moment capacity on intact soil are defined as Vult,intact, Hult,intact and 310 

Mult,intact respectively. The pure vertical capacity factor NV,intact = Vult,intact/Bsu0 = 5.22 in this study is 311 

1.5% greater than the exact solution of 2 + π [30] while the moment capacity factor NM,intact = 312 

Mult,intact/B2su0 = 0.72 is about 4.3% greater than the upper bound solution of 0.69 proposed by Murff 313 

and Hamilton [31]. According to the assumption that sliding failure of a rough-based surface 314 

foundation occurs along the soil-foundation interface, the horizontal resistance equal to the mudline 315 

undrained shear strength and thus NH,intact = 1. The horizontal capacity factor is calculated as NH,intact = 316 

Hult,intact/Bsu0 = 1.06 in this study, which is slightly greater (6%) than the exact solution of 1.0. These 317 

comparisons indicate that the finite element model for this study is acceptably accurate. 318 

 319 

5. Evolution of failure envelope under cyclic loading 320 

5.1 Example case study 321 

Geometry and loading conditions  322 

An example is presented in this section to illustrate the proposed methodology for capturing the 323 

effects of soil degradation resulting from multi-directional cyclic loading on the undrained failure 324 

envelope for a shallow foundation. The example is based on a proposed caisson breakwater with 325 

smooth curved face, shown in Fig. 7, to be installed off the coast of Tianjin, China. The breakwater 326 

has a foundation width B = 29 m. The seabed was found to have a uniform initial (intact) soil shear 327 

strength su0 = 20 kPa within the depth of interest. The wave forces acting on the curved face provide 328 

horizontal and vertical load components on the foundation. Meanwhile, the base stress under a 329 

caisson breakwater with a curved face is more uniform than for a traditional caisson breakwater with 330 

a vertical wall. Thus this kind of caisson breakwater is suitable for more severe wave conditions 331 
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compared with a traditional caisson breakwater with a vertical wall. The submerged self-weight of the 332 

foundation and superstructure (W') is taken as 1515 kN/m, which amounts to W'/Bsu0 = Vult,intact/Bsu0/2 333 

= NV,intact/2. Cyclic environmental loads, such as a storm loading, can be idealised as a sinusoidal 334 

cyclic sequence [32] This study takes the cyclic load period T as 6 seconds and a 100 minute storm is 335 

considered (i.e. 1000 cycles of sinusoidal loading). A cyclic amplitude of 0.3Vult,intact around the 336 

self-weight W' and cyclic amplitudes of 0.6Hult,intact and 0.6Mult,intact about a zero horizontal load or 337 

moment are considered. As illustrated in Fig. 8, the vertical load cycles about the self-weight W' vary 338 

between 0.35Vult,intact and 0.65Vult,intact; the horizontal load cycles between -0.3Hult,intact and 0.3Hult,intact 339 

and moment from -0.3Mult,intact and 0.3Mult,intact. As V, H and M have the same phase, the loading path 340 

represents a straight line in VHM space. It is acknowledged that the load path during a storm can be 341 

much more complex than this linear assumption. However, this study focussed on demonstrating the 342 

proposed method to investigate the evolution of failure envelopes - the methodology can be applied to 343 

consider any combination of cyclic loading.  344 

Soil conditions  345 

The Tresca criterion modified by the Einav and Randolph model as outlined and validated above was 346 

adopted to model the soil response. In the current example, soil sensitivity, soil relative ductility, 347 

strain rate parameter and the reference shear strain rate  were chosen with St = 4, ξ95 = 30, μ = 0.1 and 348 

refγ = 3×10-6 s-1, respectively. The values fall within the range of suggested values for marine clays 349 

[14, 23-25], derived from the test methods described in Section 3.2. A sensitivity study of the various 350 

model parameters is presented in section 6. Analysis methodology  351 

The combined approach of load controlled geometrically nonlinear finite element analysis and 352 

displacement controlled small strain finite element analysis described in section 3 and 4 was used. 353 

Initially multi-directional VHM cyclic loading was applied in a geometrically nonlinear finite element 354 

analysis during which process the gradual evolution of the shear strength due to soil strain softening 355 

and rate effects under multi-directional cyclic loading is captured. In order to obtain the gradual 356 
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evolution of the shear strength due to soil strain softening and rate effects under multi-directional 357 

cyclic loading, load controlled geometrically nonlinear finite element analyses are adopted. In order 358 

to evaluate the capacity of a shallow foundation after the action of multi-directional cyclic loading 359 

considering soil degradation, monotonic displacement controlled probe tests were carried out to 360 

evaluate the failure envelope based on the updated shear strength field of the soil, which is passed 361 

from the result of the load controlled geometrically nonlinear finite element analysis. 362 

Monotonic displacement controlled probe tests were carried out to evaluate the failure envelope at N 363 

= 0, 200, 600 and 1000 cycles of loading (N = 0 corresponds to an intact soil response). The Young’s 364 

modulus (E) is directly related to su through a constant E/su ratio (1000 unless otherwise specified) 365 

and Poisson’s ratio is assumed 0.49. The undrained shear strength su is related to the field variable, 366 

which is specified as an initial condition prior to the probe test analyses.  367 

5.2 Degradation of undrained shear strength su across the soil domain 368 

The soil strain softening factor (βs) under multi-directional cyclic loading is plotted as contour lines in 369 

Fig. 9 corresponding to cycle number N = 200, 600, 1000. Low βs indicates a high degree of 370 

degradation and thus lower soil undrained shear strength (su). Fig. 9 indicates the greatest degradation 371 

of soil shear strength due to plastic shear strain is concentrated in soil elements at one corner of the 372 

foundation. The extent of the zone of soil degradation increased with increasing number of loading 373 

cycles and the asymmetrical soil degradation zones are due to the coupled effect of cyclic VHM 374 

loading.  375 

Fig. 10 reiterates the non-uniform soil degradation across the soil domain, showing strain softening 376 

factor and accumulated absolute plastic shear strain at four discrete integration points in the soil 377 

domain close to the foundation. Points A and D are located under the right corner of the strip 378 

foundation at a depth of 0.025B and 0.2B respectively, while point C is located under the middle and 379 

E under the left corner of the foundation at a depth of 0.025B. From Fig. 10, we can see that soil strain 380 

softening factor (βs) calculated by the finite element method has the same value as that calculated by 381 
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Eq. (2), providing an additional check for the user subroutine developed for the finite element 382 

program. Integration point A, which is located at the compressive corner at shallow depth, has 383 

minimum values of soil strain softening factor (βs), i.e. greatest degradation in soil strength, and the 384 

maximum values of accumulated absolute plastic shear strain (ξ). The soil at point A has been almost 385 

completely remoulded after 1000 cycles. Integration point C, which is located under the middle of the 386 

strip foundation, has the maximum value of soil strain softening factor (βs) , i.e. minimum 387 

degradation in soil strength, and the minimum value of accumulated absolute plastic shear strain (ξ). 388 

The soil at point C has been partially remoulded, 7.05% after 1000 cycles. Corresponding values at 389 

integration point E and D fall in between those of integration point A and C. The asymmetric soil 390 

strength degradation arises as the vertical cyclic load fluctuates around the submerged self-weight of 391 

the foundation and superstructure (W'), such that the base stresses during the first half of every cycle 392 

are higher than those during the latter half according to Fig. 8. As a result, the shallow foundation 393 

rotates towards integration point A due to the moment loading during the first half of every cycle 394 

while to integration point E during the latter half. Accumulated absolute plastic shear strain (ξ) at 395 

integration point A is higher than that at point E, because the shallow foundation rotates to integration 396 

point A with a higher soil stress due to the vertical loading while to integration point E with a lower 397 

soil stress. So point A has a smaller value of soil strain softening factor (βs) than point B. 398 

5.3 Effect of cyclic preloading on failure envelopes 399 

Failure envelopes in VH, VM and HM planes at N = 0, 200, 600, 1000 are illustrated in Fig. 11, where 400 

N = 0 indicates the intact soil case. This figure shows that capacity reduces, indicated by the failure 401 

envelopes contracting inward, with increasing number of loading cycles as the extent and magnitude 402 

of soil strength degradation increases. Pure vertical, horizontal and moment capacity are defined as 403 

Vult, Hult and Mult, respectively. In this example, the vertical capacity factor Nv = Vult/Bsu0, horizontal 404 

capacity factor NH = Hult/Bsu0 and the moment capacity factor NM = Mult/B2su0 decreased by 5.49%, 405 

6.96% and 6.46%, respectively after 1000 cycles of loading compared with pure vertical, horizontal 406 
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and moment capacity on intact soil (i.e. NV,intact, NH,intact and NM,intact). It is noted that both strain 407 

softening and rate effects are accounted for during the cyclic pre-loading in the load controlled 408 

geometrically nonlinear finite element analysis. Displacement controlled probe tests were carried out 409 

to obtain the undrained failure envelope which can be used to evaluate the capacity of a shallow 410 

foundation after the action of multi-directional cyclic loading considering soil degradation. The rate 411 

enhancement effect is neglected to obtain the undrained failure envelope since shear strain rate is not 412 

considered in the displacement controlled probe tests without cyclic loading.  413 

The shape of the failure envelope following a sequence of multi-directional cyclic loading is quite 414 

consistent despite the asymmetric degradation zone. Thus, it is reasonable to scale the failure 415 

envelope by only using the pure capacities Vult, Hult, Mult, while assuming the shape of the envelope is 416 

constant. Vertical, horizontal and moment capacity reduction factors, αV, αH and αM, defined as 417 

Vult/Vult,intact, Hult/Hult,intact and Mult/Mult,intact respectively can be defined to scale the envelopes. This is 418 

shown in Fig. 12, 14, 16, 18, 20 and 21 later for the specific loading protocol considered in this study. 419 

The lower the values of pure capacity reduction factors αV, αH and αM, the greater the soil 420 

degradation and hence reduction in capacity.  421 

Mesh sensitivity analyses were carried out with 3 different meshes characterised by different 422 

minimum element sizes to ensure optimal calculation accuracy. Minimum element sizes of 0.01B, 423 

0.025B (selected for this study) and 0.05B were considered. It can be indicated from Fig. 12 that the 424 

post-cyclic capacities of shallow foundations with different minimum element sizes show a close 425 

agreement. The maximum error is less than 1.1%. The results indicate that the meshes adopted in this 426 

study are suitably refined. 427 

5.4 Effect of cyclic preloading on failure mechanisms 428 

The plastic shear bands (which are a reasonable measure to represent the failure mechanism) 429 

corresponding to the pure vertical probe test at N = 0, 200, 600, 1000 of VHM cyclic loading are 430 

shown in Fig. 13. The failure mechanism under pure vertical load, following cyclic VHM preloading, 431 
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gradually changed from a symmetrical “two-sided” Prandtl failure mechanism to an asymmetric 432 

“one-sided” mechanism due to non-uniform evolution of undrained shear strength across the soil 433 

domain with weaker soil around one corner (as also shown in Fig. 9).The development of asymmetric 434 

strength degradation is discussed in section 5.2, and is caused by the coupled effect of cyclic VHM 435 

loading. A failure zone will preferentially generate in soil with lowest undrained shear strength, 436 

following the path of least resistance. Increasingly weaker undrained shear strength of the soil near 437 

one corner of the foundation is responsible for the transition of the failure mechanism from a 438 

symmetrical two-sided configuration to an asymmetric one-sided configuration.  439 

It is found that the failure mechanisms under pure horizontal sliding and pure rotation post cyclic 440 

loading are both largely unchanged in this example. The failure mechanism under pure horizontal 441 

loading is still a translational sliding mechanism beneath the foundation while a scoop mechanism 442 

governs under pure moment. Thus plots of plastic shear bands at failure under a pure horizontal 443 

sliding and pure rotation probe following cyclic loading are omitted for brevity. 444 

6. Parametric study of model parameters 445 

A parametric study was carried out to assess the effects of the value of strain softening and rate 446 

parameters including soil sensitivity, St, relative ductility, ξ95 and strain rate parameter, μ, the stiffness 447 

index, E/su and the period of cyclic loading, T. All parameters were kept the same as the “base case” 448 

calculation example presented above, with only one parameter varying in any individual parametric 449 

analysis.  450 

6.1 Effect of soil sensitivity, St 451 

Three values of soil sensitivity, St = 2, 4 (base case), 6 were considered. Clays with a higher value of 452 

soil sensitivity, St are prone to experience a greater loss of strength as a result of remoulding. Effects 453 

of the magnitude of soil sensitivity, St, on capacity reduction of αV, αH and αM are shown in Fig. 14. It 454 

is evident that the degree of degradation of pure capacity increases with increasing number of loading 455 

cycles (N) due to the steady accumulation of absolute plastic shear strain. Further, greater sensitivity 456 
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St results in greater reduction in capacity of a coastal and offshore shallow foundation following a 457 

sequence of undrained cyclic loading considering soil degradation. Effects of the magnitude of soil 458 

sensitivity, St on degradation factor βs of shear strength su when N = 1000 are shown in Fig. 15. The 459 

extent of the zone of soil degradation increased with increase of soil sensitivity, St, which causes 460 

greater reduction in capacity of a shallow foundation on a deposit with greater sensitivity St. 461 

6.2 Effect of soil relative ductility, ξ95 462 

Three values of soil relative ductility, ξ95 = 10, 30 (base case), 50 were considered. A more ductile 463 

clay has a higher value of soil relative ductility, ξ95 while a more brittle clay has a lower value. Effects 464 

of the magnitude of soil relative ductility, ξ95 on capacity reduction factors αV, αH and αM are shown 465 

in Fig. 16. Effects of the magnitude of soil ductility parameter, ξ95 on degradation factor βs of shear 466 

strength su when N=1000 are shown in Fig. 17. Values of αV, αH and αM reduce with increasing 467 

number of load cycles (N). Greater soil ductility parameter, ξ95 obviously reduces the extent of the 468 

zone of soil degradation, so greater soil relative ductility ξ95 effectively reduces the softening. 469 

Physically, brittle clay tends to have greater reduction in capacity than ductile clay following the 470 

sequence of cyclic loading.  471 

6.3 Effect of soil strain rate parameter, μ 472 

Three values of soil strain rate parameter, μ = 0.05, 0.10 (base case), 0.2 were considered. Clays with 473 

a higher value of soil strain rate parameter, μ have a stronger rate effect, associated with higher 474 

enhancement in undrained shear strength with rate. Effects of the magnitude of soil strain rate 475 

parameter, μ on capacity reduction factors αV, αH and αM are shown in Fig. 18. Effects of the 476 

magnitude of soil rate parameter, μ on degradation factor βs of shear strength su when N=1000 are 477 

shown in Fig. 19. Values of αV, αH and αM reduce with increasing number of load cycle N. Larger soil 478 

rate parameter, μ reduces the extent of the zone of soil degradation and tends to enhance soil strength 479 

and thus less plastic strain is accumulated with increasing number of load cycles (N). Consequently, 480 
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less capacity reduction can be seen for greater μ. 481 

6.4 Effect of constant stiffness index, E/su 482 

The bearing capacity of a surface foundation on a Tresca material is generally accepted to be 483 

independent of the magnitude of stiffness index, E/su due to the elastic perfectly plastic constitutive 484 

law. However, stiffness index (E/su) affects plastic strain accumulation during the cyclic loading in 485 

this study. Clays with a lower value of soil stiffness index, E/su have a higher compressibility. 486 

Parametric analyses with stiffness indicies E/su = 500, 1000 (base case) and 1500 were considered. 487 

The result is shown in Fig. 20. It can be seen that vertical, horizontal and moment capacity reduction 488 

factors, i.e. αV, αH and αM, decreased with increasing number of loading cycles (N). Larger E/su 489 

(stiffer soil) leads to less shear strain and thus less degradation, such that a greater reduction in 490 

capacity of coastal and offshore shallow foundation on clays with high compressibility would be 491 

expected following a sequence of cyclic loading considering soil degradation.  492 

6.5 Effect of period of cyclic loading, T 493 

Three periods of cyclic loading, T = 3.6, 6 (base case), 12 s were considered. A lower period of cyclic 494 

loading, T generates a larger shear strain rate and has a stronger rate effect, leading to a higher 495 

enhancement in undrained shear strength with rate. Effects of the magnitude of period of cyclic 496 

loading, T on capacity reduction factors αV, αH and αM are shown in Fig. 21. Values of αV, αH and αM 497 

reduce with increasing number of load cycle N. Smaller T tends to enhance soil strength and thus less 498 

plastic shear strain is accumulated with increasing number of load cycles N. Consequently, less 499 

capacity reduction can be seen for smaller T although the effect is minimal. 500 

In summary, results of the parametric analyses have shown that soil sensitivity, St, relative ductility, 501 

ξ95 and the stiffness index, E/su have more influence on capacity of shallow foundations subjected to 502 

undrained cyclic preloading than strain rate parameter, μ and the period of cyclic loading, T. 503 

 504 

7. Concluding Remarks 505 
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A practical method has been presented to evaluate failure envelopes of coastal and offshore shallow 506 

foundations considering soil strain softening and rate effects under cyclic loading. This method is 507 

realised through a user subroutine in the finite element software ABAQUS, using a combined 508 

approach of load controlled geometrically nonlinear finite element analysis and displacement 509 

controlled small strain finite element analysis. The method can be applied to a range of different 510 

coastal and offshore shallow foundation conditions, and to large deformation problems using the 511 

RITSS FEM approach.   512 

Soil degradation is detrimental to the capacity of shallow foundations and should be taken into 513 

account in design of coastal and offshore shallow foundations. The method presented in this paper 514 

captures significant reductions in undrained capacity of coastal and offshore shallow foundations on 515 

saturated marine clays following a sequence of undrained multi-directional cyclic loading, by 516 

considering soil strength degradation in the constitutive model. The kinematic mechanisms 517 

accompanying failure under pure vertical probe tests were shown to change significantly due to the 518 

resulting non-uniform undrained shear strength across the soil domain following a sequence of 519 

multi-directional cyclic loading. 520 

This study considers the soil response as fully undrained, i.e. ignoring any gain in soil strength due to 521 

soil consolidation as a safety reserve. The method presented here offers a rational and practical way to 522 

account for soil strength degradation due to the combined effects of strain softening and rate effects 523 

by incorporating the Einav and Randolph model for strain softening and rate effects into a Tresca 524 

model. The Einav and Randolph model has less parameters than other strength degradation models, 525 

and the parameters have clear physical meaning and can be easily obtained from soil strain-controlled 526 

undrained cyclic tests or cyclic penetration and extraction tests with flow around penetrometers. The 527 

undrained soil response modelled saves computational cost as pore pressures do not need to be 528 

calculated in each step. The method is practical and appropriate to evaluation of the undrained 529 

post-cyclic capacity of coastal and offshore shallow foundations. 530 
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 644 

Fig. 1 Sign convention and nomenclature for loads and displacements

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

(a) (b)
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 646 

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

Fig. 4 Finite element mesh
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 648 

Fig. 5 Example of normalised load-displacement curves showing definition of failure

Fig. 6 Validation: Failure envelopes and displacement-controlled load paths 
for a surface strip foundation on intact soil
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 650 

Fig. 7  Cross-section diagram of the caisson breakwater with smooth curved face

Fig. 8 Sinusoidal cyclic loading with a period T = 6 s
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 652 

Fig. 9 Contours of degradation factor βs of shear strength su due to soil strain softening 
under undrained cyclic loading
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Fig. 11 Influence of cyclic loading induced soil degradation on failure envelopes

Fig. 12 Effect of minimum element size on post-cyclic capacity
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 656 

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

Fig. 14 Effect of soil sensitivity, St on post-cyclic capacity
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Fig. 15 Effect of soil sensitivity, St on degradation factor βs of shear strength su
when N=1000
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 660 

Fig. 17 Effect of soil ductility parameter, ξ95 on degradation factor βs of shear 
strength su when N=1000
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Fig. 19 Effect of soil rate parameter, μ on degradation factor βs of shear strength su
when N=1000
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Fig. 20 Effect of stiffness index, E/Su on post-cyclic capacity



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

38 

 

 663 
Fig. 21 Effect of period of cyclic loading, T on post-cyclic capacity
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