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A practical large deformation finite element method for 3D geotechnical 43 

problems involving free surface deformations 44 

Abstract: 45 

The ‘remeshing and interpolation technique with small strain’ (RITSS) finite element method has 46 

been widely adopted to address a broad range of 2D large deformation geotechnical problems. 47 

However, its 3D applications remain extremely limited due to the requirement of user-defined 48 

coding and the challenges in accurate tracking of free surfaces. This paper introduces a recently 49 

developed 3D RITSS method to tackle geotechnical problems that involve free surface 50 

deformations with only minimal programming effort required. The automated mesh regeneration 51 

and the Lagrangian finite element increments are both realised using available commercial packages. 52 

The entire simulation can be controlled and executed with a single piece of Python script. The 53 

reliability of the proposed method was verified by three validation examples. A further application 54 

example modelling the reinstallation of a circular footing near an existing footprint is also presented 55 

to demonstrate the advantage of the proposed method in coping with dramatic seabed surface 56 

deformations and hence illustrates its potential application to 3D geotechnical problems.   57 
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Introduction 62 

Numerical simulations have been commonly conducted in geotechnical engineering to predict the 63 

behaviour of complex soil-structure interactions. However, when significant soil-structure 64 

movements are considered, traditional small-strain finite element analyses can be incompetent due 65 

to excessive element distortions. Large deformation simulation techniques are thus required to 66 

model these geotechnical problems. 67 

Numerical simulation methods established based on the Arbitrary Lagrangian-Eulerian (ALE) 68 

framework have become increasingly popular due to its advantage in avoiding severe mesh 69 

distortions over traditional Lagrangian simulations. Despite the recent development of particle-70 

based ALE methods such as the material point method (Sulsky et al., 1995; Beuth et al., 2011), the 71 

mesh-based ALE approach remains the most accessible and mature option. The methods are often 72 

implemented through the operator-split technique where, in each incremental step, an Eulerian 73 

phase is incorporated in addition to Lagrangian calculations to allow field variables (e.g. stresses, 74 

strains and material properties) to be mapped between meshes. Wang et al. (2015) reviewed three 75 

mesh-based ALE approaches that have been widely employed in geotechnical engineering 76 

applications, namely the ‘remeshing and interpolation technique with small strain’ (RITSS), the 77 

efficient ALE (EALE) method and the coupled Eulerian-Lagrangian (CEL) method.  78 

Among the three methods, RITSS utilises periodic remeshing between standard Lagrangian-based 79 

finite element increments to eliminate potential mesh distortions, while the stresses, strains and 80 

material properties are mapped and interpolated from old to new mesh. The element topology and 81 

connectivity of the new mesh are therefore independent of those of the old mesh. As all incremental 82 

finite element computations are executed within the traditional Lagrangian framework, and the 83 

remeshing and solution mapping processes are performed independently, this method can be 84 

implemented with most standard finite element programs. These advantageous features render the 85 

RITSS method relatively robust and versatile in geotechnical large deformation finite element 86 

(LDFE) analyses. This paper introduces a recent development in the RITSS methodology. 87 
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The RITSS Method 88 

Originally proposed by Hu and Randolph (1998), the RITSS method is generally implemented with 89 

the following four steps: (1) initial geometry and mesh generation, and model preparation; (2) 90 

incremental standard Lagrangian analysis; (3) mesh regeneration based on previous deformed 91 

geometry; and (4) mapping of field variables such as stress, strain, temperature and material 92 

properties from old to new mesh. Steps (2)-(4) are repeated until the displacement or load target is 93 

achieved. Advanced in-house developed codes are normally required to facilitate Steps (3) and (4) 94 

while the incremental Lagrangian analyse can be performed with any standard finite element 95 

packages that supports script controlling, which makes RITSS a highly adaptive approach. 96 

Over the past two decades, RITSS has been widely employed in two-dimensional (2D) large 97 

deformation geotechnical problems. By taking advantage of the plane strain simplification and the 98 

axi-symmetry feature, many practical applications have been simplified into 2D which largely 99 

reduces the simulation complexity (see among others, Wang and Carter (2002), Song et al. (2008) 100 

and Zhang et al. (2014)). However, with the rapid development in the research of offshore 101 

geotechnical engineering and hence the increase in problem complexity, there has been an 102 

increasing demand for the development of a practical and reliable 3D RITSS method in order to 103 

help investigating problems that cannot be, by any means, studied in 2D.  104 

Development of 3D RITSS 105 

The mesh regeneration (Step (3)) and field variable mapping (Step (4)) processes are considered to 106 

be the key technical challenges for 3D RITSS implementations. In the typical RITSS approach, the 107 

free boundary geometries are usually extracted from the deformed mesh as a starting point of the 108 

mesh regeneration process. This has been realised in 2D simulations through linking adjacent 109 

boundary nodes. However, the more complex boundary faces are required to be generated to 110 

describe mesh boundary geometries in 3D simulations. This imposes significant technical challenge 111 

to the realisation of robust 3D mesh regenerations. Moreover, as a pivotal process in RITSS 112 

simulations, high-quality field variable mapping is essential for accurate and reliable analyses. The 113 
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complexity caused by the extension from 2D to 3D of this spatial variable transferring and 114 

interpolation process also presents a major challenge to the implementation of the 3D RITSS 115 

method.  116 

In recent years, a few attempts have been made to apply the RITSS method to 3D geotechnical 117 

problems. Yu et al. (2008) simulated surface penetration of circular and square footings using the 118 

finite element package AFENA (Carter and Balaam, 1995), in which both tetrahedral and 119 

hexahedral elements were used to form the 3D meshes. Investigations on rectangular plate anchors 120 

(Yu et al., 2009) and the effect of two layer clay on square footing penetrations (Yu et al., 2010) 121 

were also carried out using the same method. However, this approach is restricted to simple and 122 

predictable soil surface deformation due to limited mesh regeneration capability. Wang et al. 123 

(2010a)&(2010b) investigated the pull-out capacity and keying processes of plate anchors through 124 

the use of the commercial finite element package ABAQUS (Simulia, 2012b), where the 125 

deformations of 3D soil free surface were simulated with significant geometric idealisations. In-126 

house developed codes were used to realise the automatic mesh regeneration and solution mapping. 127 

Recently, Tian et al. (2014a) employed the ABAQUS built-in function ‘mesh-to-mesh solution 128 

mapping’ (MSM) (Simulia, 2012a) to save efforts of conventional in-house developed codes for 129 

stress and material property mapping. This simplified the implementation of the RITSS method 130 

while maintaining high solution mapping accuracy. Later, 3D RITSS simulations with integrated 131 

MSM function were conducted in Tian et al. (2014b)&(2014c) for optimisation of plate anchor 132 

designs, where the change of seabed surfaces were neglected since the anchors were assumed to be 133 

deeply embedded. In summary, although several 3D RITSS implementation methods have been 134 

previously proposed, they all have demonstrated relatively limited capability in dealing with 135 

dramatic soil surface deformations. Application of 3D RITSS to many geotechnical problems has 136 

thus been restricted. In addition, the method’s accessibility to most researchers and engineers 137 

remains limited due to the heavy reliance on user-defined coding. 138 
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This paper presents a practical and robust approach to conduct 3D RITSS simulations by combining 139 

the third-party mesh generation package HyperMesh (Altair Engineering, 2013b) and the 140 

commercial finite element package ABAQUS. The ‘3D tetra remesh’ function in HyperMesh 141 

facilitates automated high-quality tetrahedron mesh regeneration, which eliminates any existing or 142 

potential mesh distortions caused by preceding simulation increments while retaining geometric 143 

features. Meanwhile, the MSM function in ABAQUS allows fully automated 3D field variable 144 

mapping between (old) deformed and (new) regenerated meshes (see Simulia (2012a) and Tian et al. 145 

(2014a) for technical details). The methodology and implementation procedures are detailed in the 146 

following section, followed by three validation examples to demonstrate the numerical reliability of 147 

the proposed approach. The paper concludes with an application example by simulating the 148 

reinstallation of a circular footing near a seabed depression (or ‘footprint’), which demonstrates the 149 

potential use of the proposed method in 3D LDFE simulations that involve dramatic free surface 150 

deformations. This is a contemporary geotechnical problem faced in the increasingly matured 151 

shallow-water resource exploitation activities, as it has become a frequent requirement to install 152 

large jack-up platforms next to existing footprints (Stewart and Finnie, 2001).  153 

This paper contains the key technical details required for readers with basic programming 154 

knowledge to perform their own high-accuracy 3D LDFE analyses for a wide range of geotechnical 155 

problems that involve dramatic free surface deformations.  156 

Methodology and Procedure 157 

Figure 1 illustrates the key implementation procedures of the proposed 3D RITSS method. The 158 

programming language Python is chosen to execute and control the entire simulation process as it is 159 

the scripting language for the graphical user interface of ABAQUS. This allows each incremental 160 

Lagrangian simulation to be configured conveniently. A Python script example is provided in Table 161 

1. First-order tetrahedral elements (C3D4) are adopted in the proposed method to enable robust 162 

automatic remeshing. Hybrid elements (C3D4H) should be used in simulations where 163 

incompressible materials are encountered, such as the clayey soils modelled in the validation and 164 
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application examples of this paper. In ABAQUS, the hybrid formulations are enforced by including 165 

the hydrostatic stress distribution as an additional independent variable to accommodate potential 166 

volumetric locking problems and hence increase the overall simulation accuracy (Simulia, 2012c). 167 

Mesh regeneration 168 

HyperMesh is a commercial mesh generator widely used in automotive and mechanical engineering 169 

applications for its advanced pre-processing capabilities. The two following HyperMesh functions 170 

are utilised in the proposed method to facilitate effective and robust mesh regenerations: 171 

(1) Tetra Remesh: This function performs basic tetrahedral mesh regeneration with the aim of 172 

eliminating severe mesh distortions. The general remesh procedure can be summarised as (i) 173 

precise surface shell mesh generation from the original solid mesh; (ii) repositioning 174 

existing nodes and, if necessary, inserting additional nodes on the generated surface shell 175 

mesh to perform basic single iteration element optimisation; and (iii) creating internal nodes 176 

by interpolating surface nodes and thus generating 3D elements to form a solid mesh. 177 

Excessively elongated elements caused by previous Lagrangian FE increment can thus be 178 

eliminated through element splitting. 179 

(2) Tetra Mesh Optimisation: This function provides iterative element quality optimisations to 180 

tetrahedral meshes. A selection of element quality criteria such as ‘Aspect Ratio’, ‘Tetra 181 

Collapse’ and ‘Volumetric Skew’ can be specified with user-specified weightings to 182 

customise the optimisation processes (Altair Engineering, 2013c). Multiple iterations of 183 

node repositioning and connectivity improvement can be performed in this process 184 

according to the specified element quality criteria to optimise the regenerated mesh 185 

produced by ‘Tetra Remesh’. This is crucial for the proposed 3D RITSS method, as it 186 

ensures that the mesh quality at each Lagrangian increment is consistent and hence largely 187 

reduces numerical fluctuations in the results.  188 

A command file is generated and submitted to HyperMesh by Python at the beginning of each mesh 189 

regeneration process to configure and execute the introduced HyperMesh functions together with 190 
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other necessary procedures such as element intersection detection and contact surface creation. As 191 

shown by an example in Table 2, the command file is written in HyperMesh commands (Altair 192 

Engineering, 2013a), which is a variation of the language TCL. 193 

By utilising these two HyperMesh functions, the proposed method is considered to have two 194 

distinct advantages. First, the highly customised and robust mesh optimisation function significantly 195 

reduces the uncertainties in the size of the numerical errors by providing consistent mesh qualities 196 

over the entire simulation. Second, precise boundary tracking is made possible through the Tetra 197 

Remesh function in HyperMesh. Therefore, all significant geometric features can be retained over 198 

each mesh regeneration process. This allows three-dimensional problems with unpredictable free 199 

surface deformations to be addressed without any unnecessary idealisations of geometric features.  200 

Mapping of field variables 201 

ABAQUS MSM is used in the proposed method to map field variables such as the stress and 202 

material properties from the old (deformed) mesh to the new (regenerated) mesh. Initially the 203 

integration point variables are extrapolated to their surrounding mesh nodes in the old mesh. The 204 

extrapolated values are then averaged over all elements abutting each node. After the relative 205 

locations of the new mesh nodes with respect to the old mesh nodes are obtained, field variable 206 

information is transferred from the old nodes to the new nodes through spatial interpolation. The 207 

final procedure is to retrieve the integration point information through interpolating variables from 208 

the surrounding mesh nodes in the new mesh. A comprehensive description of this work principle is 209 

provided in the ABAQUS support documents (Simulia, 2012b). Tian et al. (2014a) provided 210 

detailed guidance on the implementation of MSM in the RITSS simulations. As demonstrated in the 211 

simulation examples, meshes are consistently refined in regions where high solution gradients are 212 

anticipated to minimise the influence of solution diffusion (Sabetamal et al., 2018).  213 
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Validation Examples 214 

Three examples are presented in this section to validate the proposed 3D RITSS method against 215 

established studies. These include the vertical penetration of a seabed pipeline and circular surface 216 

footing, and the vertical extraction of a square plate anchor.  217 

Material models representing clay soils were used in all three examples. The Tresca failure criterion 218 

was adopted, with the undrained shear strength defined as su and su0=sum+kz for homogenous and 219 

heterogeneous soil profiles, respectively, where sum is the surface undrained shear strength of the 220 

heterogeneous soil, k is the increasing strength with depth gradient and z is the vertical distance 221 

measured into the ground from the initial mud-line level. su0 describes soil’s undrained shear 222 

strength at depth z. Unless otherwise stated, a common and practical relation of E=500su was 223 

adopted for the soil’s Young’s modulus, while the Poisson’s ratio was set to 0.49 to approximate 224 

the soil incompressibility in the undrained condition. More advanced soil constitutive models can be 225 

incorporated using ABAQUS user-defined material model subroutines, UMAT and VUMAT 226 

(Simulia, 2012d). 227 

Due to the high stiffness of the structural material compared to the soil, rigid bodies were used to 228 

model the structural components. Displacements were applied at a specified load reference point 229 

(LRP) in each case to control the foundation movements. The reaction forces and moments 230 

experienced by the structural components were also measured at the LRP. Unless otherwise stated, 231 

the soil parameters and soil-structure interface configurations were directly inherited from 232 

benchmark studies.  233 

A quad-core desktop computer with a 3.4 GHz CPU clock rate and 32 GB memory was used to 234 

perform all three validation examples. A maximum number of 4 CPU threads were activated for 235 

each ABAQUS FE job to achieve optimal cost-effectiveness (Price, 2013). Basic information on the 236 

computational costs is provided in Table 3. It is worth noting that because parallel computing is yet 237 

to be supported in HyperMesh, approximately 65% of the total simulation time was spent on the 238 
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mesh regeneration and optimisation processes. CPUs with high single thread performance are 239 

therefore recommended for the proposed method. 240 

Vertical penetration of seabed pipelines 241 

As a key component of modern offshore oil and gas facilities, pipelines transport hydrocarbon 242 

products between offshore fields or from offshore to on-shore facilities for storage or further 243 

treatment purposes. The vertical penetration resistance of pipelines is of particular interest to 244 

engineers and pipeline operators as it helps predict the ultimate installation depth of a pipeline, 245 

which in turn has significant influence on its structural stability. Among previous publications, the 246 

study by Chatterjee et al. (2012) presented a thorough investigation of the vertical penetration 247 

resistance of seabed pipelines by means of 2D RITSS simulations. The results were validated 248 

against the centrifuge modelling data provided in Dingle et al. (2008). Tian et al. (2014a) performed 249 

a similar 2D LDFE simulation to demonstrate the reliability of the ABAQUS MSM function and 250 

achieved a strong agreement with previous studies. While it is acknowledged that 2D LDFE 251 

analysis is adequate to simulate this problem with the plane strain assumption, this example is 252 

presented to validate the proposed 3D RITSS methods by benchmarking with established studies.  253 

Being consistent with the previous numerical and centrifuge modelling, a linearly increasing 254 

undrained shear strength profile (su0) was adopted for the soil with sum=2.3 kPa and k=3.6 kPa. The 255 

soil unit weight was set to 6.5 kN/m3, and the pipeline diameter was taken as D=0.8 m. As shown in 256 

Figure 2, a half model was adopted in this case to reduce the computational cost. The soil domain 257 

was created with the depth and the width being 6.5D and 5D, respectively, to eliminate any 258 

potential boundary effect. Instead of adopting the plane strain simplification used in previous 2D 259 

numerical analyses, a slice model with a breadth t=0.5D was used in the 3D RITSS simulation. 260 

Symmetry boundary conditions were assigned to the front and back surfaces to account for the 261 

length of the pipeline. Identical to Chatterjee et al. (2012) and Tian et al. (2014a), the ‘Penalty’ 262 

contact algorithm (Simulia, 2012c) was applied in this example. A limiting maximum shear stress 263 
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of 0.31sum was allowed at the soil-pipeline interfaces. Fine elements were distributed uniformly 264 

around the contact zone, with a minimum element edge size of D/16. 265 

The result is plotted in Figure 3 in terms of the normalised vertical penetration resistance (V/Dtsu0) 266 

and the normalised vertical penetration depth (w/D). Overall good agreement is observed between 267 

the current and previous studies. Slight fluctuations were noticed at the initial penetration stage, 268 

where a slightly stiffer response was predicted. They are thought to be caused by the combination of 269 

small initial contact area and the relatively coarse mesh adopted in the simulation. As the 270 

penetration depth increased, more soil elements started to engage contact with the pipeline. A 271 

smoother curve was thus predicted with much improved agreement with previous experimental and 272 

numerical results. 273 

Vertical penetration of circular surface footing  274 

Circular shape foundations are commonly used in offshore geotechnical applications. Exact 275 

analytical solutions to the vertical bearing capacity of these circular foundations sitting on the soil 276 

surface in the undrained condition are available for both smooth and rough soil-footing interaction 277 

profiles (Cox et al., 1961). However, in most geotechnical applications, foundations are required to 278 

penetrate into the surface soil to provide additional stability to the upper structures. It is therefore 279 

important to investigate the continuous penetration processes of the circular footings and thus 280 

understand the effect of depth on the vertical bearing capacity. This example is presented to 281 

illustrate the reliability of the proposed 3D RITSS method by validating against previous 2D studies 282 

that have taken advantage of the axisymmetry feature. 283 

A homogeneous weightless soil profile with E/su=200 was used in this example to provide direct 284 

benchmarking with previous publications. As shown in Figure 4, a quarter soil model was adopted 285 

to reduce the computational cost while keeping the simulation three dimensional. The soil domain 286 

was constructed with dimensions of 2D×2D×3D for the width, breadth and depth, respectively, 287 

where D is the diameter of the circular footing. A minimum element size of 0.015D was adopted. 288 

Both smooth and rough soil-footing surface interaction conditions were investigated. The rough 289 
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condition means that the bottom face of the footing is fully ‘bonded’ to the soil, while the smooth 290 

condition implies frictionless soil-footing tangential interactions. 291 

The results for the rough and smooth contact cases are presented in Figures 5(a) & (b), respectively. 292 

For the rough contact case, previous publications Skempton (1951), Houlsby and Martin (2003) and 293 

Yu et al. (2008) were taken as the benchmarks. The empirically derived curve suggested in 294 

Skempton (1951) is one of the earliest and most well-known publications on the depth effect of 295 

circular footings. Houlsby and Martin (2003) performed the method of characteristics on this 296 

problem and produced a set of lower bound solutions. They are often referred to as the ‘incomplete’ 297 

lower bound solutions in the literature as the full extensibility of the stress fields obtained were not 298 

demonstrated (Bishop, 1953). 299 

 Yu et al. (2008) simulated this problem using an in-house developed 3D RITSS codes together 300 

with AFENA and ANSYS, in which relatively coarse meshes were used. The resulting curve 301 

generated from the proposed 3D RITSS method of this paper produced higher loads than both the 302 

empirical and theoretical solutions, with a slightly smaller load with depth gradient. In Houlsby and 303 

Martin’s approach, the space above the footing was assumed to be occupied by a rigid, smooth-304 

sided shaft, which does not match the actual soil deformation at the initial stage of the penetration. 305 

However, as the penetration continued, the deformed soil geometry became closer to this 306 

assumption, explaining the better agreement at a greater penetration depth. The result curve from 307 

Yu et al. (2008) is, in general, lower than the lower bound solution and reaches a plateau at a depth 308 

of 0.2D, at which no local failure mechanism could have formed.  309 

For the smooth case, in addition to the lower bound solutions by Houlsby and Martin (2003), the 310 

prediction from an in-house developed 2D ALE simulation carried out in Wang and Carter (2002) 311 

was also presented as a benchmark. It can be seen that the result from this proposed 3D RITSS 312 

method was slightly higher but still followed the lower bound solution closely. The 2D ALE 313 

method was, however, thought to have over-predicted the vertical bearing capacity, considering the 314 

fact that its result for the frictionless case was higher than the lower bound solution for the rough 315 
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contact case presented in Figure 5(a). It is therefore reasonable to conclude that the 3D RITSS 316 

simulations conducted with the proposed method have produced a set of closer-to-theoretical and 317 

hence more convincing results on this particular axisymmetrical problem than other previously 318 

published 2D or 3D large deformation finite element simulations. 319 

Vertical pull-out of a square plate anchor 320 

Plate anchors have been increasingly used in the mooring systems of deep water offshore floating 321 

platforms for their relatively low cost and high holding capacity. In this example, the proposed 3D 322 

RITSS method was used to investigate the vertical pull-out capacity of a square plate anchor at 323 

different initial embedment depths. The results were compared with those in a previous 3D RITSS 324 

publication by Wang et al. (2010b). 325 

Both no-breakaway (‘attached’) and immediate-breakaway (‘vented’) at the soil-anchor interface 326 

were investigated in this study. For the no-breakaway case, the anchor and its surrounding soil were 327 

‘bonded’ together to prevent any anchor-soil separation during the uplift process. On the other hand, 328 

when the immediate-breakaway condition was considered, no suction (tension) was allowed to be 329 

developed between the soil and the anchor base. This was realised by allowing an automatic 330 

separation between the contact surfaces of the two components. A homogeneous soil profile with a 331 

submerged unit weight of γ=7 kN/m3 was adopted in this example to allow direct comparison with 332 

previous publications. Quarter models were used to minimise the simulation size. As shown in 333 

Figure 6, a soil domain with dimensions of 4B×4B×6B was adopted, where B is the length (or width) 334 

of the square anchor. The anchor thickness was taken as t=B/20, and the soil model was meshed 335 

with a finest element size of 0.03B.  336 

The results are presented in Figures 7 and 8. Three initial embedment depths (d=1.0B, 1.3B and 337 

1.5B) were investigated under the immediate-breakaway condition. For the initially deeply buried 338 

cases (d=1.3B and 1.5B), although separation was allowed, the soil and anchor base remained 339 

attached during the initial uplifting stage as a result of the localised flow mechanism. The deep 340 

uplift capacity factor (F/Asu) was found to be 13.75, which is identical to the previous 3D RITSS 341 
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prediction presented in Wang et al. (2010b). This deep uplift capacity factor is also close to the 342 

exact solution for a deeply embedded ultrathin circular plate (F/Asu=13.11) provided by Martin and 343 

Randolph (2001) through limit analysis. Just after the separation depth was reached, the 344 

compression on the anchor base exerted by the surrounding soil reached zero. Soil-anchor 345 

separation was therefore initiated. A separation depth of Hs=1.10B was observed, which agrees well 346 

with the previous 3D numerical observation (Hs=1.12B). In Wang et al. (2010b), the soil surface 347 

under the anchor was assumed to detach from the anchor base as a perfect flat surface after tension 348 

was detected at the interface (Figure 9(a)). Although this idealisation helped to avoid the 349 

requirement of free surface tracking, it was not able to precisely model the realistic development of 350 

the soil free surface underneath the anchor, whereas in this study, accurate and robust free surface 351 

tracking was realised through the utilisation of HyperMesh. This explains why Wang et al. (2010b) 352 

predicted a much faster rate of reduction in the uplift capacity for both initially shallowly (d=1.0B) 353 

and deeply embedded (d=1.3B and 1.5B) cases after soil-anchor base separation was initiated. 354 

Figure 9(b) illustrates the difference in the free soil surfaces created by the soil-anchor separation 355 

between the initially shallowly and deeply embedded anchors, which is similar to the findings from 356 

previous 2D RITSS simulations reported in Song et al. (2008) for circular anchors. 357 

As for the no-breakaway case (Figure 8), the pull-out simulation was initiated at an initial 358 

embedment depth of 3B and was terminated at the initial mudline level. As no soil-anchor 359 

separation was allowed in this case, the uplift capacity only started dropping at a much shallower 360 

depth due to the formation of surface shear bands. This curve provides an upper bound prediction 361 

for the problem as opposed to the lower bound predictions provided by the immediate-breakaway 362 

simulations. 363 

Application Example 364 

To further demonstrate the strength of the proposed 3D RITSS method in efficiently and accurately 365 

simulating unpredictable model geometry changes, an example of circular footing reinstallation 366 

next to existing footprints is presented in this section. Due to the involvement of dramatic free 367 
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surface deformations, the problem has not been so far numerically addressed in three-dimensional 368 

computational geomechanics using the RITSS method. 369 

In the offshore oil and gas industry, mobile jack-up platforms are often required to be installed next 370 

to footprints that are left on the seabed from previous operations (Dean, 2009; Randolph and 371 

Gourvenec, 2011). The presence of these footprints, that can be as large as 40 m in diameter, 372 

complicates the reinstallation processes due to the significant inclined and eccentric loadings 373 

induced on the large (~20 m diameter) spudcans. With extremely limited field data available, 374 

previous studies have concentrated on physical modelling (Stewart and Finnie, 2001; Teh et al., 375 

2006; Gaudin et al., 2007; Cassidy et al., 2009; Kong et al., 2010; Kong et al., 2013; Kong et al., 376 

2015), with the vertical (V), horizontal (H) and moment (M) loads induced on the spudcans during 377 

the reinstallation processes experimentally measured. A comprehensive literature review is 378 

available in Kong (2012).  379 

Using the proposed 3D RITSS method, a continuous vertical penetration process was simulated to 380 

investigate the influence of the footprint geometry on the induced VHM loading on the spudcan 381 

during the reinstallations. To enable direct benchmarking with previous physical modelling results, 382 

the numerical simulation in this example was configured according to the following centrifuge 383 

configurations adopted in Kong et al. (2013). The soil heterogeneity caused by the formation of the 384 

footprint was not modelled. Single soil strength profile was used to describe the entire soil model. 385 

The horizontal and rotational movements of the spudcans were fully constrained, eliminating the 386 

effect of structural stiffnesses. A circular footing model was used to remove any influence of the 387 

spudcan geometry. The VHM load variations at the load reference point were monitored during the 388 

reinstallation simulations to be later compared with the centrifuge data. 389 

To be consistent with the centrifuge results, the experimentally measured soil undrained shear 390 

strength profile from Kong et al. (2013) was used in this study 391 

𝑠u0 = {
7.5 + 0.92𝑧  𝑧 < 3.4 m
5.0 + 1.68𝑧  𝑧 ≥ 3.4 m

 (kPa) (1) 392 
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where z is the vertical distance measured into the ground from the initial mud-line level of the 393 

undisturbed part of the soil. The submerged unit weight of soil was assumed to be 6.82 kN/m3. The 394 

effect of strain softening and rate hardening was taken into account according to Einav and 395 

Randolph (2005) and Zhou and Randolph (2007): 396 

𝑠u = [𝛿rem + (1 − 𝛿rem)𝑒−3𝜉/𝜉95] [1 + 𝜇 log (
Max(|�̇�|,�̇�ref)

�̇�ref
)] 𝑠u0  (2) 397 

where the degradation of soil strength was modelled with the first bracketed terms using an 398 

exponential function of cumulative absolute plastic shear strain, 𝜉 . The soil was assumed to 399 

remould from the intact condition to a fully remoulded ratio of 𝛿rem=0.3 through a relative ductility 400 

of 𝜉95=15, which represents the 𝜉 required to induce 95% soil remoulding. The soil strength was 401 

augmented by the second bracketed terms in terms of the maximum strain rate, |�̇�| relative to a 402 

reference value, �̇�ref =3×10-6 s-1. A further rate parameter, μ=0.1 was used to describe the 403 

logarithmic relationship for the ‘circular’ spudcan foundation considered in this case. The adopted 404 

parameter values all fall within sensible parameter ranges advised by previous studies for UWA 405 

Kaolin clays, with which the benchmark centrifuge test was conducted (Kvalstad et al., 2001; 406 

Andersen and Jostad, 2004; Randolph, 2004; Chen, 2005; Erbrich, 2005; Lunne and Andersen, 407 

2007). 408 

As illustrated in Figure 10, a half model was used to reduce the computational cost. The circular 409 

footing had a diameter and thickness of D=15 m and t=1.725 m, respectively. A solid cylindrical leg 410 

with a diameter of Dl=6.075 m was attached to the footing. The spudcan footprint was modelled as 411 

an idealised conical seabed depression of diameter Df=30 m and depth hf=5 m, which is identical to 412 

that adopted in Kong et al. (2013). The circular footing was initially placed at a centre-centre 413 

distance of βc-c=0.55D from the footprint. All footing surfaces as well as the cylindrical leg were 414 

considered as frictionless in tangential contact except for the footing base, which was simulated to 415 

interact with the surrounding soil with a frictional coefficient of 0.3 using Coulomb law. The 416 

interface shear stress was limited to 0.3su. This follows closely to the centrifuge measurements 417 

reported in Chen and Randolph (2007). A vertical displacement of D/600 was applied at the LRP 418 
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for each simulation increment. Together with the sign convention for the VHM loads, an initial 419 

mesh example with a finest element size of 0.02D is presented in Figure 10.  420 

The simulation was terminated at a depth of w/D=0.5. Examples of deformed meshes are shown in 421 

Figure 11. The predicted VHM load-penetration curves are presented in Figure 12(a)-(c) alongside 422 

the centrifuge measurements from Kong et al. (2013). Overall satisfactory prediction quality was 423 

observed, and the key features of the VHM curves successfully captured. The simulated vertical 424 

load response has shown excellent agreement with the centrifuge measurement despite slight over-425 

estimations at w/D<0.2. This is thought to be due to (1) the adoption of 10% greater initial footing-426 

footprint offset distance to avoid numerical singularity and (2) the idealisation on soil strength 427 

profile, which effectively strengthened the soils immediately beneath the footprint and therefore 428 

increase the forces required to mobilise the soils. For a similar reason, the maximum horizontal and 429 

moment loads were also slightly over-estimated by the 3D RITSS simulation despite the accurate 430 

prediction of load variations. Improved agreements were observed at larger depths as the geometric 431 

effect of the footprint diminished.  432 

The same reinstallation case was simulated with the CEL method by Jun et al. (2016) with a six-433 

fold longer computational time, the results of which are also presented in Figure 12. It is worth 434 

noting that average values of every 20 data points were taken to plot the VHM curves in order to 435 

reduce the numerical noises present in the CEL simulation. In general, significantly smaller 436 

numerical fluctuations were observed in the RITSS prediction. This is due to (1) increased 437 

numerical stability with an implicit solution seeking algorithm and (2) consistent mesh quality 438 

warranted by ‘Tetra Mesh Optimization’. Despite a less frictional soil-footing interface being 439 

simulated, the CEL simulation has predicted higher vertical loads across all depths compared to 440 

those of the 3D RITSS simulation and the centrifuge test. The stiffer vertical response in turn 441 

resulted in significantly more pronounced moment, with the predicted maximum moment load 442 

being 45% higher than the centrifuge measurement.  443 
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A second 3D RITSS simulation was conducted at an initial offset distance of βc-c=1.0D. In Figure 444 

13(a)-(d), the simulated soil displacement vector fields at four penetration depths were compared 445 

against those from the particle image velocimetry (PIV) test reported in Kong et al. (2015). The PIV 446 

method has been commonly used in geotechnical engineering research to help visualise and 447 

quantify soil movements by digitalising motions of coloured soil particles from photo images taken 448 

during physical modelling processes (see White et al. (2003)). The 3D RITSS simulation accurately 449 

captured the deformation of soil free surfaces as the circular foundation penetrated the soil, as well 450 

as precisely simulated the collapse of soils onto the top side of the footing at w/D=0.5. The soil 451 

collapse was induced by the transition of soil failure mechanisms as the penetration reached the 452 

limiting cavity depths (see Hossain et al. (2005)&(2006)), which were observed at w/D=0.33 and 453 

w/D=0.5 on the right- and left-hand side of the footing, respectively. These observations are in good 454 

accordance with the centrifuge PIV test results. 455 

Conclusion 456 

A practical and robust 3D large deformation finite element approach has been presented in this 457 

paper. The incorporation of the third-party mesh regeneration software HyperMesh not only 458 

increases the mesh-quality consistency across simulation increments, but also enables accurate 459 

simulation of 3D large deformation geotechnical problems that contain dramatically evolving free 460 

surface geometries. Together with the fully automated ABAQUS MSM function, the heavy reliance 461 

on the highly customised user-defined coding by the traditional 3D RITSS approaches is 462 

successfully eliminated. The entire simulation can now be conducted with one piece of Python 463 

script. 464 

Three validation examples were performed with the proposed method to benchmark it against 465 

previous theoretical and numerical publications. The first two examples confirmed the numerical 466 

reliability of the proposed method by implementing it for problems that only have been previously 467 

simulated with 2D simplifications. The third example illustrated the capability of the proposed 468 

method to capture and retain 3D free surface geometries created during the simulations, and thereby 469 
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demonstrated the improvement in numerical accuracy the proposed method provides compared to 470 

previous 3D RITSS analyses. As an application example, the reinstallation of circular footing near 471 

an existing footprint was simulated with the RITSS method for the first time in 3D computational 472 

geomechanics. Strong agreement in the VHM load curves was obtained between the numerical 473 

predictions and the previous centrifuge measurements, with transitions in soil failure mechanisms 474 

accurately simulated by the proposed 3D RITSS method. Without requiring any user intervention, 475 

the 3D RITSS simulation consumed only a seventh of the computational time reported for an 476 

equivalent CEL analysis. 477 

To conclude, the proposed approach has greatly reduced the learning and programming effort 478 

required to perform sophisticated 3D RITSS simulations. Frequent revision and updating of the 479 

codes are no long required. Instead, the utilisation of third-party commercial packages will ensure 480 

that the most advanced and reliable algorithms are utilised for the core procedures of the RITSS 481 

method at all times. More importantly, the accurate and efficient free surface tracking capability of 482 

the proposed method has overcome the major limitation of the traditional 3D RITSS approach, 483 

allowing accurate and robust large deformation finite element simulations to be performed for a 484 

much broader range of geotechnical applications in the future. 485 
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 619 

Table 1. ABAQUS Python script skeleton example 620 
Procedure Code Example Description 

Extract deformed mesh 
from previous increment 

from abaqus import *, from abaqusConstants import *, from odbAccess import *, import os Import required coding libraries 

session.openOdb('Job-'+str(inc-1)+'.odb') Open the results file (.odb) of previous ABAQUS simulation increment (inc-1) 

mdb.models['Model-1'].PartFromOdb(name='SOIL', instance='SOIL-1', odb=odb, shape=DEFORMED, step=-1, frame=-1) Extract deformed mesh 

Export deformed mesh mdb.Job(name='ForHM-Soil', model='Model-1', description='', type=ANALYSIS,…) 
mdb.jobs['ForHM-Soil'].writeInput(consistencyChecking=OFF) 

Export the deformed mesh in the form of ABAQUS input files (ForHM-Soil.inp) 

Generate HyperMesh 
command file 

f=open(remesh_command.cmf,'w') 
f.write("*begin()"+"\n") 
… 

Generate a HyperMesh command file (remesh_command.cmf) to configure mesh 
regeneration (see Table 2 for a skeleton example) 

Execute mesh 
regeneration 

os.chdir([\\HyperMesh installation path\]) 
os.system('hmbatch.exe -c[\\File Path\]remesh_command.cmf') 

Submit the command file to HyperMesh (hmbatch.exe) for mesh regeneration 

Import regenerated mesh mdb.ModelFromInputFile(name='FromHM', inputFileName='FromHM-Soil.inp') Import regenerated mesh in the form of ABAQUS input files (FromHM-Soil.inp) 

Configure and execute the 
new increment 

mdb.models['FromHM'].StaticStep(name='Static Balance', previous='Initial', matrixSolver=DIRECT, matrixStorage=UNSYMMETRIC) 
… 

Setup a new ABAQUS model with regenerated meshes  

os.system('abaqus job=Job-'+str(inc) + ' oldjob=Job-'+str(inc-1)) Execute the new increment (inc) and specify previous increment (inc-1) for MSM 

 621 

Table 2. HyperMesh command file skeleton example 622 
Procedure Code Example Description 

Import deformed mesh *begin() 
*feinputwithdata2("#abaqus\Abaqus","/ForHM-Soil.inp",0,0,0,0,0,1,2,1,0) 

Beginning of the process 
Import deformed mesh to HyperMesh in the form of ABAQUS input files(ForHM-
Soil.inp) 

Element intersection 
check 

*checkpenetration(elements,1,3,1,1,0,0,0,0) 
… 

Check if severe element distortions have been generated by the preceding 
increment 
(Auto or manual fixing is required if element intersections are present) 

Tetra Remesh *createstringarray(2) "pars: upd_shell fix_comp_bdr vol_smth vol_smth2 tet_clps='0.8,0.6,0.9,1.0'" 
  "tet: 35 1.05 -1 0 0.8 0.3" 
… 

Configure tetra remesh 
(Specify minimum element size, etc.) 

*tetmesh(elements,1,8,nodes,2,5,1,2) Execute tetra remesh 

Tetra Mesh Optimization *createstringarray(2) "tet: 259 1.2 2 0 0.8 0.0 0" "pars: fix_comp_bdr= 1  fix_top_bdr= 0 opt_shell_swap=0  opt_shell_remesh=0  
skip_aflr3=1  feature_angle=10.0  niter=20  upd_shell=1  tet_clps='0.40,0.60,0.90,1' vol_skew='0.6,0.5,0.10,1' vol_ar='3.0,2.0,1.5,1'" 

Configure mesh optimisation 
(Specify element quality criteria and weightings, etc.) 

*tetmesh(elements,1,6,elements,2,1,1,2) 
… 

Execute tetra mesh optimisation 

Contact surface creation *dictionaryload(groups,1," /templates/feoutput/abaqus/standard.3d","SURFACE_ELEMENT") Adopt ABAQUS surface format 

*createmark(elements,1) "all" Select involved elements 

*createmark(nodes,1) "on plane" 0 -20.0 -60.0 0 0 -1 0.01 1 1 Select involved nodes 

*interfaceaddsolidface("soil bottom surface",0,1,1,0.5) 
… 

Create the surface with the selected elements and nodes  
(In this case, the bottom surface of the soil domain is generated) 

Export regenerated mesh *feoutputwithdata("/templates/feoutput/abaqus/standard.3d","/FromHM-Soil.inp",0,0,2,1,1) 
*quit(1) 

Export regenerated mesh in the form of ABAQUS input files (FromHM-Soil.inp) 
End of the process 
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 624 

Table 3. Basic Simulation Information 625 

 626 

 627 

Example Foundation Type Number of Elements* Number of Increments Total Simulation Time (mins) 

1 Pipeline 17,000-19,800 160 118 

2 Circular Footing (Rough) 22,200-47,800 200 180 

3 Plate Anchor (Attached) 34,000-75,100 300 440 

* the number of total elements increases over each simulation to allow precise tracking of the deformed free surface geometries 
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