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2 

ABSTRACT 35 

The effect of foundation embedment ratio and soil-skirt interface roughness on the 36 

consolidated undrained capacity of skirted circular foundations under planar loading in 37 

normally consolidated clay has been investigated through coupled three-dimensional finite 38 

element analyses. Results are presented as failure envelopes, and changes in shape and size of 39 

the normalised VHM failure envelopes are described as a function of relative magnitude and 40 

duration of applied preload. The results show that embedment ratio and interface roughness 41 

affect the load distribution within the soil mass, but that consolidated undrained capacity 42 

under planar loading scales proportionately with the (unconsolidated) undrained capacity of 43 

the foundation. This latter feature enables the results to be neatly synthesised into a relatively 44 

straightforward method for use in engineering practice for prediction of gain in undrained 45 

VHM capacity due to preload and consolidation. 46 

 47 

Key words: skirted foundation; consolidation; combined loading; bearing capacity; soil-48 

structure interface 49 

  50 
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INTRODUCTION 51 

Skirted foundations are a type of shallow foundation used offshore that consists of a surface 52 

plate fitted with skirts that penetrate into the seabed confining a soil plug. Skirted foundations 53 

are used extensively offshore for supporting structures ranging from large gravity base 54 

structures (GBS) to relatively small subsea structures and have potential to support arrays of 55 

offshore wind turbines (Svano & Tjelta, 1996, Yun & Bransby, 2003, Byrne & Houlsby 56 

2003, Jostad & Andersen, 2006, Mana et al., 2010, Vulpe et al., 2013). Skirted foundations 57 

are required to achieve embedment in an offshore environment as groundworks or burial are 58 

not usually practical.  59 

Foundation embedment ratio, defined as the ratio of skirt depth to foundation plate diameter 60 

(d/D), and soil-skirt interface roughness, defined as a proportion of the undrained strength in 61 

the soil mass (αsusu) affect the distribution of self-weight loading on the surrounding soil 62 

(Gourvenec & Randolph 2010). For the case of a rough soil-skirt interface, part of the 63 

foundation load is carried by skirt friction resulting in lower pressures beneath the base plate 64 

compared to the case of a smooth soil-skirt interface for which the entire foundation load is 65 

carried as base pressure. The proportion of load carried by skirt friction increases with 66 

increasing embedment ratio of rough skirted foundations. This results in lower excess pore 67 

pressure generation in the soil beneath the foundation and subsequent lower consolidation 68 

settlement and gain in undrained shear strength for the case of a rough soil-skirt interface 69 

compared with a smooth soil-skirt interface, all other things being equal. The effect of 70 

embedment ratio and soil-skirt interface roughness on the consolidation response of skirted 71 

foundations has been considered for a homogeneous elastic half space (Gourvenec & 72 

Randolph 2010), but these analyses by definition, cannot address the effect of consolidation 73 

on changes in capacity.  74 
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The effect of consolidation on the undrained vertical capacity of shallow foundations has 75 

been previously investigated (Zdravkovic et al. 2003, Lehane & Jardine 2003, Lehane & 76 

Gaudin 2005, Chatterjee et al. 2012, Gourvenec et al. 2014, Vulpe & Gourvenec 2014, Fu et 77 

al. 2015). A limited number of studies have addressed combined load capacity following 78 

consolidation for surface foundations (Bransby 2002, Vulpe et al. 2016), shallowly embedded 79 

rectangular subsea frames (Feng & Gourvenec 2015) and pipelines (Chatterjee et al. 2014). 80 

The effect of interface roughness and moderate embedment on consolidated undrained 81 

combined load response of shallow foundations has not been previously considered.  82 

In this paper, a generalised framework method for predicting the consolidated undrained 83 

capacity of circular skirted foundations under planar loading as a function of relative 84 

magnitude and duration of preload, foundation embedment ratio and soil-skirt interface 85 

roughness is proposed. This study builds on a hardening law approach based on critical state 86 

soil mechanics presented by Gourvenec et al. (2014), which has been applied to other 87 

boundary value problems involving consolidated undrained multi-directional loading (e.g. 88 

Chatterjee et al. 2014, Feng & Gourvenec 2015, Vulpe et al. 2016).  89 

FINITE ELEMENT MODEL  90 

The program of 3D small-strain finite element analyses was performed using Abaqus 91 

commercial finite element computer software (Dassault Systemes, 2012). 92 

Numerical model  93 

3D finite element meshes of skirted circular foundations with embedment depth to foundation 94 

diameter ratios d/D = [0, 0.10, 0.25, 0.50] were modelled. A skirt thickness to foundation 95 

diameter ratio ts/D = 0.005 for all embedment ratios was considered. The ts/D modelled in 96 

this study is typical of steel skirted foundations in the field (e.g., Bye et al. 1995). Due to 97 

symmetry along the vertical centreline of the foundation, only half of the problem was 98 
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modelled. Figure 1 illustrates a typical finite element mesh used in the analyses. The soil was 99 

represented by first-order full integration stress–pore fluid continuum elements (namely, 100 

C3D8P elements from the standard Abaqus library). The mesh boundaries extend a distance 101 

equal to 10 times the foundation diameter horizontally from the foundation edge and 102 

vertically from the mudline. The extent of the boundaries was shown to be sufficient so that 103 

no soil deformations or pore water pressure changes were observed at the constrained 104 

boundaries of the mesh and the failure mechanisms were unaffected. The boundary around 105 

the model circumference was constrained against out-of-plane displacement and the base of 106 

the mesh was constrained in all three coordinate directions. The free surface of the mesh, 107 

unoccupied by the foundation, was prescribed as a drainage boundary; the other mesh 108 

boundaries and the foundation were modelled as impermeable. 109 

The skirted foundations were represented as rigid bodies with a single reference point (RP) 110 

located at skirt tip level along the centreline of the foundation (Figure 2) and were assumed 111 

“wished-in-place”. Installation is therefore not explicitly modelled, but stress changes around 112 

the skirts due to tip bearing and skirt-soil interface shearing are captured during subsequent 113 

loading of the foundation.   114 

The skirt internal wall-soil interface was prescribed as fully-bonded; the skirt outer wall-soil 115 

interface was prescribed as either fully-bonded (i.e., rough in shear and no separation 116 

allowed) or fully-smooth (frictionless). The skirt internal wall-soil interface was assumed 117 

fully-bonded based on centrifuge experimental evidence (Chen and Randolph, 2007) and 118 

particle image velocimetry analyses (Mana et al., 2012) where the internal soil plug remained 119 

fully attached to the skirt compartment due to suction. Gaps along the soil-skirt interface are 120 

expected to form and remain open on overconsolidated soil deposits (Britto and Kusakabe, 121 

1982; Supachawarote et al., 2005; Mana et al., 2013). Thus, separation was not permitted 122 
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under tensile normal forces since only normally consolidated soil was considered in this 123 

study. 124 

The models were benchmarked against available theoretical solutions of ultimate limit states 125 

under pure vertical load (Martin, 2003; Martin and Randolph, 2001), horizontal load and 126 

moment (Randolph and Puzrin, 2003) for the surface foundation. The skirted foundation 127 

models could not be directly validated due to a lack of theoretical solutions. The surface 128 

foundation mesh was continuously refined in the areas critical for the multi-directional failure 129 

mechanisms to develop until no further improvement of the results was obtained. Once the 130 

surface foundation mesh was validated, the same meshing procedure was applied for the 131 

skirted foundations. This procedure resulted in FE models with between 50,000 and 75,000 132 

elements depending on soil heterogeneity and embedment ratio. 133 

Soil parameters 134 

The coupled elasto-plastic pore fluid – stress behaviour investigated in the current study is 135 

described by the Modified Cam Clay (MCC) critical state model (Roscoe and Burland, 1968). 136 

The MCC parameters were obtained from element testing on kaolin clay (Stewart, 1992) and 137 

are summarized in Table 1. The implementation of MCC in Abaqus uses a Mises surface in 138 

the π-plane and associated flow was adopted for the plastic potential by defining the flow 139 

stress ratio as unity. Normally consolidated clay conditions were considered in this study as 140 

relevant to many deepwater seabeds. The in situ void ratio and in situ undrained shear 141 

strength profile of the normally consolidated clay are determined as follows. 142 

The soil is considered to be one-dimensionally normally consolidated, with the in situ earth 143 

pressure coefficient given as 144 

'
0 sin1K φ−=  1 
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where 'φ  is the critical state friction angle, determined from the model parameters λ, κ and 145 

Mcs. The in situ effective stresses ( '
vσ  and '

hσ ) vary accordingly to the prescribed soil unit 146 

weight (Table 1). 147 

The initial size of yield surface of the critical state model is defined as 148 

( ) 0
M
qppp 2

cs

2
0'

c
'
0

2'
0 =+−  2 

where pc′, p0′ and q0 represent the preconsolidation stress, initial effective mean stress and 149 

deviatoric stresses; Mcs is the slope of the critical state line  150 

'

'

cs sin3
sin6M

φ−
φ

=  3 

The subscript ‘cs’ is used to distinguish the label from that adopted for moment, M.  151 

The initial void ratio of a soil element is given by 152 

e0 = e1 − κp′0 − (λ − κ) ln p′ c   4 

where λ represents the slope of the virgin consolidation line and critical state line and κ is the 153 

slope of the recompression line. 154 

e1 = eΓ + (λ − κ) ln 2  5 

with eΓ the void ratio on the critical state line when p′ = 1 kPa. 155 

The relationship between the undrained shear strength of the soil, su, and the in situ effective 156 

vertical stress, σ′v is given by (Potts and Zdravkovic, 1999) 157 

( ) ( )
λ
κ

−



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6 

where  158 
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A =
√3(1 − K0)

g(−30°)(1 + 2K0)
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with θ = -30º the Lode angle for triaxial compression conditions.  159 

A surcharge equivalent to 1 m of soil overburden, σ′vo, was imposed on the soil mass at the 160 

free surface in order to avoid zero shear strength at the mudline (sum). The shear strength 161 

profile of normally consolidated clay with linearly increasing shear strength is defined by 162 

su = sum + ksu z  9 

where su represents the shear strength of the soil at depth z. For the MCC parameters and 163 

surcharge adopted in this study, the shear strength gradient ksu = 1.75 kPa/m and the shear 164 

strength at mudline sum = 4.79 kPa. The magnitude of the unconsolidated undrained bearing 165 

capacity and relative gain in consolidated undrained capacity varies accordingly to the 166 

resulting soil heterogeneity index κsu = ksuD/sum. Nonetheless, the generalized theoretical 167 

framework presented in this study is shown to incorporate the effect of soil overburden in 168 

predicting the relative gain in consolidated undrained capacity of circular foundations (Vulpe 169 

et al. 2016). 170 

PROGRAM OF ANALYSES 171 

The study presented in this paper investigated the consolidated undrained response of skirted 172 

circular foundations under multi-directional loading as a function of normalised magnitude 173 

and duration of self-weight preload, embedment ratio and soil-skirt interface roughness. Over 174 

3,500 fully coupled 3D FE analyses were performed in this program.  175 

Initially, analyses were carried out to determine the unconsolidated undrained vertical bearing 176 

capacities (Vuu) for each embedment ratio d/D and soil-skirt interface condition. The soil was 177 
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brought to failure in undrained conditions through displacement-control. The vertical 178 

displacement was applied to the foundation RP (i.e. concentrically at skirt tip level). Failure 179 

was defined as when a plastic plateau was observed in the load-displacement response, i.e. 180 

continued plastic strain at constant applied load.  181 

Subsequently, analyses were performed to determine the uniaxial and multi-directional 182 

capacity for each foundation embedment ratio interface condition as a function of relative 183 

magnitude and duration of preload. In summary: 184 

- A vertical preload (Vp) was imposed, in undrained conditions, as a fraction of the Vuu 185 

relative to the foundation system, taking values of Vp/Vuu = [0.1, 0.7] at intervals of 186 

0.1.  187 

- Full primary consolidation was prescribed by allowing the excess pore water pressure 188 

resulting from the applied relative preload to dissipate. Periods corresponding to 20, 189 

30, 50 and 80% of the full primary consolidation were subsequently considered.  190 

- The soil was brought to failure in undrained conditions by imposing displacement-191 

controlled probe tests on the skirted foundation at the RP level. Failure was sought 192 

under uniaxial vertical (V), horizontal (H) and moment (M), and in combined VHM 193 

space. Failure under uniaxial loading was defined as when a plastic plateau was 194 

observed in load-displacement response, i.e. continued plastic strain at constant 195 

applied load. Failure under combined loading was defined by the terminating point of 196 

the associated probe test.  197 

A list of notations for resultant loads is given in Table 2. The sign convention for this study is 198 

summarized in Figure 2 and follows the recommendations outlined by Butterfield et al 199 

(1997). 200 

RESULTS  201 
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Excess pore water pressure generation 202 

Excess pore water pressure is generated in the soil around a foundation upon application of a 203 

preload. Figure 3 illustrates the initial contact pressure across the base plate of a skirted 204 

foundation with embedment ratio of d/D = 0.25 for both rough and smooth soil-skirt 205 

interfaces. Contact pressure is taken as the initial increase in excess pore pressure Δui 206 

normalized by the applied bearing pressure vp (vp = Vp/A where A represents the cross-207 

sectional area of the base plate), for discrete relative preload levels Vp/Vuu = 0.1, 0.4 and 0.7. 208 

The initial excess pore pressure ratio increases with increasing applied relative preload 209 

irrespective of interface roughness. A smaller relative contact pressure is observed beneath 210 

the base plate for the rough-skirted foundation as part of the preload is carried by the 211 

interface friction along the skirts. In contrast, the preload is carried exclusively by the base 212 

plate and skirt tip for the smooth-skirted foundation.  213 

The proportion of relative preload carried by base bearing is influenced by embedment ratio 214 

d/D. Figure 4 shows the initial contact pressure in a soil element located at the mudline at the 215 

centreline of the base plate. The results from the current study are plotted against the contact 216 

pressures observed beneath a surface circular foundation (Vulpe et al. 2015). Rough skirted 217 

foundations with greater embedment ratio will carry more relative preload as skirt friction 218 

through a higher surface contact area than for lower embedment ratios. As a result, the 219 

relative contact pressure decreases with increasing embedment ratio for the rough soil-skirt 220 

interface. In contrast, for a smooth soil-skirt interface, the contact pressure increases with 221 

increasing embedment ratio as the applied pressure is carried only by the base plate and skirt 222 

tips. At low embedment ratios, a portion of the applied load is shed laterally into the 223 

surrounding soil reducing the contact pressure. This lateral shedding also takes place for 224 

rough-skirted foundations but is masked by the effect of skirt friction.  225 

Consolidation response 226 
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The time required to achieve partial or full primary consolidation is expressed through the 227 

dimensionless time factor T as 228 

2
0v

D
tcT =  10 

where cv0 is the initial coefficient of consolidation  229 

( )
w

'
00

0v
pe1kc

λγ
+

=  11 

with k representing the permeability and γw = 9.81 kN/m3 the unit weight of water, t is the 230 

actual time passed following application of preload and D is the foundation base plate 231 

diameter. Notations T20, T30, T50, T80 represent the dimensionless time required for 20, 30, 50 232 

and 80% of the full primary consolidation to occur. Full primary consolidation is denoted by 233 

T99.  234 

Figure 5 shows the time-settlement response of a skirted circular foundation with embedment 235 

ratio d/D = 0.25 for relative preloads of Vp/Vuu = [0.1, 0.7] at intervals of 0.1 for both rough 236 

and smooth soil-skirt interfaces. Only the consolidation settlement wc is shown, i.e., the 237 

initial settlement following preload application is deducted from the total settlement. The 238 

consolidation settlement increases with applied relative preload irrespective of soil-skirt 239 

interface conditions and embedment ratio. The consolidation settlement of the smooth skirted 240 

foundations is consistently higher than for the rough skirted foundations for all levels of 241 

relative preload. This arises as a result of the rough soil-skirt interface carrying a proportion 242 

of the preload by friction, resulting in lower contact pressure under the base plate and lower 243 

excess pore water pressure generated compared to the same foundation geometry and loading 244 

conditions for a smooth skirted foundation. The higher excess pore water pressure generation, 245 

due to the one-dimensional nature of consolidation within the confined soil plug, results in 246 

higher settlement.  247 
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The influence of embedment ratio on consolidation settlement is illustrated in Figure 6 for 248 

rough-skirted foundations under a range of relative preload levels. The dimensionless 249 

consolidation settlement is shown to increase with increasing embedment ratio for the same 250 

relative preload. The effect of embedment ratio on the consolidation settlement response 251 

becomes more pronounced at higher relative preloads. Although the same relative preload 252 

Vp/Vuu is applied, the absolute magnitude of Vp increases with increasing embedment ratio 253 

(since Vuu increases with increasing d/D) and a higher excess pore water pressure is 254 

generated. The consolidation settlement for all embedment ratios is similar for very low 255 

relative preload since little excess pore water is generated.  256 

Gain in shear strength of soil following consolidation 257 

Preloading followed by consolidation leads to an increase in soil shear strength in the vicinity 258 

of a foundation. Figure 7 shows the effect of the magnitude of relative preload and 259 

embedment ratio on the increase in undrained shear strength following full primary 260 

consolidation. The increase in undrained shear strength is illustrated through contours of 261 

enhanced in situ soil strength, su,f/su,i defined by  262 









λ
−

= f0

i,u

f,u eeexp
s
s  12 

where su,i and su,f are the initial (pre-consolidation) and final (post-consolidation) shear 263 

strength, respectively, e0 and ef are the in situ and final void ratio, respectively, and λ = 0.205 264 

is the virgin compression index for kaolin clay (Stewart, 1992). The greatest gain in 265 

undrained shear strength is achieved at foundation edges (for d/D = 0) and around the skirt tip 266 

(for d/D > 0) and diminishes with distance from the zone of maximum gain. Higher excess 267 

pore pressure is generated under higher relative preload levels, Vp/Vuu, resulting in higher 268 

relative gain in shear strength with increasing relative preload. The extent, or bulb, of excess 269 

pore pressure generation is essentially independent of the level of preload (simply scaled by 270 
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depth as a function of the surface value). However, greater excess pore pressure generation 271 

translates into greater gains in strength at a given depth. The zone of gain in shear strength 272 

extends deeper with increasing embedment ratio since longer skirts carry loading deeper into 273 

the soil, but the extent of the zone of influence beneath tip level is essentially independent of 274 

d/D.  275 

The effect of soil-skirt interface roughness on the gain in shear strength throughout the soil 276 

domain is illustrated in Figure 8 for a range of foundation embedment ratios. The gain in soil 277 

strength is concentrated beneath tip level for a smooth skirted foundation while strength 278 

increase is observed adjacent to the rough foundation skirts. As such, the magnitude of gain 279 

in shear strength inside the skirt compartment and around the skirt tip is lower compared to 280 

the same areas for the smooth skirted foundation counterpart. The extent of the bulb of 281 

relative gain in shear strength below the skirt tip is very similar for both rough and smooth 282 

soil-skirt interfaces.   283 

Consolidated undrained uniaxial capacity  284 

Full primary consolidation 285 

The relative gains in vertical, horizontal and moment uniaxial capacity of circular skirted 286 

foundations after vertical preloading and full primary consolidation are shown in Figure 9 - 287 

Figure 11. The figures show relative gain in uniaxial capacity as the ratio of consolidated 288 

undrained capacity to unconsolidated undrained capacity (see Table 2 for notations). The 289 

term uniaxial is used to define loading in a singular direction following vertical preloading, 290 

for example, loading to failure in the horizontal direction concurrently with the applied 291 

relative preload (but no additional vertical or moment loading). The relative gain in capacity 292 

increases with increasing relative preload for all loading directions. The relative gain in 293 

uniaxial vertical and horizontal capacity decreases with increasing embedment ratio, but no 294 
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clear trend in moment capacity can be linked to embedment ratio. The relative gain in 295 

capacity can be explained by the overlap between the zones of gain in shear strength and the 296 

governing failure mechanism in the soil mass, as illustrated in Figure 12.  297 

The highest relative gain in capacity is associated with horizontal loading (Figure 10), 298 

followed by moment loading (Figure 11) and the lowest relative gains are associated with 299 

vertical loading (Figure 9). The failure mechanisms under uniaxial horizontal loading (Figure 300 

12b) are the shallowest compared with other loading directions while the failure mechanisms 301 

under uniaxial vertical loading (Figure 12a) extend deepest into the soil mass, intersecting the 302 

zones of least gain in soil strength. The relative gain in horizontal capacity is greater for 303 

rough skirted foundations than for smooth skirted foundations for all levels of embedment 304 

ratio d/D > 0 as the failure mechanism extends laterally into the soil mass where little or no 305 

increase in shear strength is obtained for smooth skirted foundations. The relative gain in 306 

moment capacity is also greater for rough skirted foundations, but to a lesser degree as the 307 

failure mechanism extends slightly outside the skirt external wall into stronger soil. On the 308 

contrary, the relative gain in vertical capacity is marginally larger for smooth skirted 309 

foundations – the failure mechanism for smooth skirted foundations cuts through zones of 310 

higher increase in undrained shear strength during failure under vertical loading. 311 

Critical state framework for predicting uniaxial gains 312 

The increase in consolidated undrained uniaxial capacity can be estimated through a 313 

theoretical method based on critical state soil mechanics (Gourvenec et al. 2014). The 314 

mobilised soil is treated as a single ‘operative’ soil element, scaled to account for the non-315 

uniform distribution of stress and strength increase across the soil domain. The operative 316 

increment in plastic stress (i.e. leading to plastic strain), Δσpl′, following preloading can be 317 

estimated as 318 
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A
V

f' p
pl σ=σ∆  13 

where A is the bearing area of the foundation, and fσ is a factor to account for the non-319 

uniform distribution of stress in the affected zone of soil.  320 

The resulting increase in strength of the affected soil, i.e., the ‘operative shear strength’, is 321 

then calculated as 322 

( ) 







=σ∆=∆ σ A

V
Rfff'Rfs p

dsuplsuu  14 

where the shear strength factor fsu scales the gain in strength of the ‘operative’ soil element to 323 

that mobilised during subsequent failure and R is the normally-consolidated strength ratio of 324 

the soil (Equation 6), which is 0.279 for the parameters given in Table 1. Separate scaling 325 

factors fσ and fsu allow the response in over consolidated conditions to be captured, but in the 326 

present normally consolidated conditions there is effectively a single scaling parameter, fσfsu. 327 

The scaling factors fσfsu for circular surface foundations was defined by Vulpe et al. (2016) 328 

for uniaxial vertical, horizontal and moment capacity and are summarized in Table 3. The 329 

scaling factor fσfsu is uniquely defined for circular foundations and is independent of actual 330 

foundation size, MCC soil properties and applied soil overburden stress (Vulpe et al. 2016, 331 

Feng & Gourvenec 2015).  332 

An additional scaling factor to account for the non-linear effect of the embedment ratio fd is 333 

introduced in this study 334 
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Changes in capacity scale with changes in operative strength, so that 335 
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 336 

Coefficients αd and βd are defined for both rough and smooth skirted circular foundations as a 337 

function of embedment ratio for each uniaxial capacity through polynomial functions. 338 
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Values of coefficients αd and βd are given in Table 4.  339 

Comparison between the finite element results and the critical state soil mechanics 340 

framework (Equation 16) - defined as ‘theoretical prediction’ in this study - shows good 341 

agreement (Figure 9, Figure 10 and Figure 11). 342 

Figure 13a and 13b illustrate in a critical state framework the stress-volume changes of a soil 343 

element at the mudline beneath the centreline of the base plate of the surface circular 344 

foundation following preloading, consolidation and undrained failure due to uniaxial vertical 345 

loading. The results are shown in effective mean stress (p′) – deviatoric stress (q) space and 346 

effective mean stress (lnp′) – void ratio (e) space. The effective mean stress p′ represents the 347 

spherical stress responsible for volumetric deformations (compression) within the soil mass 348 

and is proportional to applied preload level and the deviatoric stress q is the stress relevant to 349 

ultimate limit state where the deviatoric stress at failure (qf) is defined as twice the undrained 350 

shear strength of the soil su. The stress path representation in Figure 13 enables the coupling 351 

of the compression, evidenced by a decrease in soil void ratio, and shear response of the soil 352 

to be observed. It is evident that void ratio reduces with increasing preload leading to higher 353 
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mobilizable deviatoric stress (analogous to undrained shear strength) following consolidation. 354 

Thus, the increase in undrained shear strength is proportional to the decrease in soil void 355 

ratio. 356 

Partial consolidation 357 

Waiting for full primary consolidation in a field situation is often impractical and as such, the 358 

maximum potential gain in capacity may not be achieved. However, partial consolidation can 359 

significantly enhance soil shear strength and hence capacity. Figure 14 illustrates the 360 

evolution of the proportion of maximum potential gain in undrained vertical and horizontal 361 

capacity as a function of consolidation time for both rough and smooth skirted circular 362 

foundations with d/D = 0.50. A simple equation linking the consolidation time, represented 363 

by the non-dimensional time factor T, and the proportion of maximum potential gain (i.e. 364 

following full primary consolidation) is proposed:  365 
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with s,50ig,50 TmT =  (non-dimensional time required for 50% of the potential maximum 366 

uniaxial capacity to occur). The partial relative gains in undrained uniaxial capacity, Vcu,p, 367 

Hcu,p and Mcu,p may be determined from Equation (18). The non-dimensional time factor for 368 

50% consolidation settlement, T50,s, is given in Table 5 for each embedment ratio and soil-369 

skirt interface roughness. The fitting coefficient mi, where i = V, H or M, accounts for the 370 

difference between achieving 50% consolidation settlement and 50% of the potential 371 

maximum gain in capacity and is given in Table 6 for each loading direction. It results that 372 

50% of Vcu is achieved 20% faster than the equivalent consolidation settlement while the gain 373 
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in horizontal and moment capacity lags about 15% behind the consolidation settlement. The 374 

fitting coefficient ni = -1.20 irrespective of foundation embedment ratio or loading type. 375 

Equation (18) represents a conservative assessment of the potential maximum gain in uniaxial 376 

horizontal and moment capacity for rough skirted foundations. A better fit may be achieved 377 

by  378 

in
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Figure 14 indicates good agreement between the FEA results and the relative gains in 379 

undrained uniaxial capacity derived from Equations (18) and (19). 380 

Consolidated undrained VHM capacity 381 

Failure envelopes in horizontal and moment load space (H-M) for various levels of relative 382 

vertical preload followed by full primary consolidation are compared with the unconsolidated 383 

undrained case in Figure 15 for both rough and smooth skirted foundations with d/D = 0.5. 384 

The failure envelopes are presented in dimensionless form as h = H/Huu versus m = M/Muu.  385 

Preloading without consolidation leads to a reduction in available HM capacity (Figure 15a 386 

and b) while capacity following preloading and consolidation leads to an increase in available 387 

HM capacity (Figure 15c and d).  388 

The results in Figure 15 also show that the shape of the normalised HM failure envelope for 389 

any given relative preload is similar for the consolidated undrained and unconsolidated 390 

undrained cases, as has been observed for other foundation geometries (Vulpe et al, 2016, 391 

Feng & Gourvenec 2015). Therefore, the consolidated undrained failure envelopes may be 392 

constructed by scaling the undrained unconsolidated failure envelope by the normalised 393 

consolidated undrained uniaxial capacities hcu and mcu respectively. 394 
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Approximating expression  395 

An approximating elliptical expression describing the unconsolidated undrained failure 396 

envelope of shallow foundations can be expressed as  397 

1
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The form of the equation was originally proposed for prediction of unconsolidated undrained 398 

capacity of shallow strip foundations under general loading (Gourvenec and Barnett, 2011). 399 

The equation was afterwards adapted for prediction of unconsolidated undrained capacity of 400 

skirted circular foundations (Vulpe et al. 2014, Vulpe, 2015).  401 

Coefficients α and β are the fitting parameters dependent on the foundation embedment ratio, 402 

soil shear strength heterogeneity index and soil-skirt interface. Values of α and β   are 403 

summarized in Table 7 for skirted circular foundations with rough soil-skirt interface and in 404 

Table 8 for skirted circular foundations with smooth soil-skirt interface. These fitting 405 

parameters are repeated here from Vulpe (2015) for convenience. The effect of vertical 406 

preloading, explicitly absent from Eqn. 20, is accounted for through the definition of the 407 

ultimate horizontal and moment capacity for the applied preload, *h  and *m  408 
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The expressions for *h  and *m  represent the lower limits of the failure envelopes in vertical 409 

and horizontal or vertical and moment load space. Values of *
max h/h , where hmax represents 410 

the maximum horizontal mobilization as a result of horizontal-moment loading cross-411 
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coupling, which are required to satisfactorily reproduce the shape of the failure envelopes, are 412 

given in Table 9 for the rough and smooth interfaces, respectively. Curve fits using the 413 

approximating expression (Eq. 20) scaled by the normalized consolidated undrained uniaxial 414 

horizontal and moment capacities. Hcu/Huu and Mcu/Muu, (Eq. 16) show good agreement with 415 

the FE results (Figure 16). 416 

Failure envelopes for partially consolidated conditions can be determined from the failure 417 

envelope after full primary consolidation by applying horizontal and moment scaling factors 418 

cup,cu h/h  and cup,cu m/m , respectively. Failure envelopes for varying degrees of consolidation 419 

for a given relative preload and embedment ratio predicted by the finite element analyses are 420 

shown in Figure 17 and compared with the approximating expression showing a close fit. 421 

A summary of the methodology to determine the partially and fully consolidated undrained 422 

capacity of rough and smooth skirted circular foundations under multi-directional loading is 423 

presented in Table 10.  424 

CONCLUDING REMARKS 425 

Results of small-strain finite element analyses have quantified the effect of embedment ratio 426 

and soil-skirt interface roughness on the multi-directional undrained capacity of skirted 427 

circular foundations as a function of relative magnitude and duration of self-weight 428 

preloading.  429 

The following conclusions may be drawn from this study: 430 

• Gain in capacity is governed by the interaction of the zone of increase in undrained 431 

shear strength of the soil and the kinematic mechanism at failure. Greatest relative 432 

gain in capacity was achieved under pure horizontal load, as the failure mechanism 433 

cuts through soil of highest gain in undrained shear strength. The lowest relative gain 434 
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was achieved under pure vertical load since the failure mechanism intersects zones of 435 

lowest shear strength increase.  436 

• The gain in undrained shear strength, and consequently capacity, is dependent on the 437 

distribution of stress in the soil from the applied preload, which is shown to be a 438 

function of soil-skirt interface roughness. Stresses are transferred to skirt tip level for 439 

the smooth skirted foundations leading to gains in shear strength being concentrated 440 

in the zone beneath tip level. Rough skirts carry a portion of the applied preload, with 441 

stresses transferred into the soil mass adjacent to the skirts leading to gains in strength 442 

laterally, adjacent to the rough foundation skirt. 443 

• The consolidated undrained failure envelope may be determined by scaling the 444 

unconsolidated undrained envelope by the respective uniaxial consolidated undrained 445 

horizontal and moment capacities following full primary consolidation. 446 

• The failure envelope following partial consolidation may be determined by scaling the 447 

fully consolidated undrained envelope by the partially consolidated values of uniaxial 448 

undrained horizontal and moment capacities.  449 

Approximating expressions for uniaxial and combined capacities under pure vertical, 450 

horizontal and moment loading have been set out for prediction of consolidated undrained 451 

capacity for any degree of consolidation and relative preload for smooth and rough sided 452 

circular skirted foundations. The ability to scale the normalised unconsolidated undrained 453 

failure envelope to account for full or partial consolidation enables the results of this study to 454 

be synthesised into a relatively straightforward methodology for use in engineering practice.  455 

The finite element results have shown that the majority of the gain in bearing capacity 456 

happens in the early stages of consolidation such that significant gains can be achieved in 457 
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practical time frames. The results presented in this paper are valid for normally consolidated 458 

soil deposits that generate positive excess pore pressure during shearing – encompassing 459 

many soft, fine-grained deposits. The proposed methodology can be applied to other soil 460 

conditions provided that proper considerations are specifically accounted for the particular 461 

soil investigated. 462 

This study has highlighted the potential conservatism in foundation design of using the in situ 463 

value of undrained shear strength of the soil in predictions of capacity. Foundations are often 464 

laid on the seabed for a period of time prior to operation during which the soil in the vicinity 465 

of the foundation will consolidate under the foundation self-weight, resulting in enhanced 466 

shear strength. Efficiencies in foundation size can be realised by taking into account the 467 

consolidation gain in undrained shear strength of the soil.  468 
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NOTATION 478 

A Cross-sectional area of the base plate 

cv0 In-situ coefficient of consolidation 

d Skirt length 



23 

D foundation diameter 

e0 In-situ void ratio 

ef Final void ratio 

fσ Stress factor 

fd Depth factor 

fsu Strength factor 

h Normalized horizontal load (H/Huu) 

hcu Normalized consolidated undrained pure horizontal capacity (Hcu/Huu) 

    hcu,p Normalized consolidated undrained pure horizontal capacity (Hcu,p/Huu) 

   hmax Normalized maximum allowable horizontal load (Hmax/Huu) 

H Uniaxial (unconsolidated)horizontal load 

Hcu Consolidated undrained horizontal capacity following full primary 

 Hcu,p Consolidated undrained horizontal capacity following partial consolidation 

Huu Unconsolidated undrained horizontal capacity 

k Soil permeability 

K0 In-situ earth pressure coefficient of normally consolidated deposit 

ksu Shear strength gradient 

m Normalized moment (M/Muu) 

mcu Normalized consolidated undrained pure moment capacity (Mcu/Muu) 

    mcu,p Normalized consolidated undrained pure moment capacity (Mcu,p/Muu) 

   mi, ni Fitting coefficients 

M Uniaxial (unconsolidated) moment 

Mcs Slope of the Critical State Line (CSL) 

Mcu Consolidated undrained moment capacity following full primary 

 Mcu,p Consolidated undrained moment capacity following partial consolidation 

Muu Unconsolidated undrained moment capacity 

p' Effective mean stress 
'
0p  Initial effective mean stress 
'
cp  Preconsolidation stress 

q Deviatoric stress 

q0 Initial effective deviatoric stress 

qf Deviatoric stress at failure 

R Normally consolidated undrained strength ratio 

RP Reference point 

su Undrained shear strength 
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su,f Final (post-consolidation) shear strength 

su,i Initial (pre-consolidation) shear strength 

sum Undrained shear strength at mudline 

t Time 

ts Skirt thickness 

T Non-dimensional time factor 

T50 Time for 50% consolidation to occur 

T50,g Non-dimensional time required for 50% of the potential maximum uniaxial 

   T50,s Non-dimensional time factor for 50% consolidation settlement 

vp Applied bearing pressure 

V  Uniaxial (unconsolidated) vertical load 

Vcu Consolidated undrained vertical capacity following partial consolidation 

Vcu,p Consolidated undrained vertical capacity following full primary 

 Vp Vertical preload 

Vuu Unconsolidated undrained vertical capacity 

wc Consolidation settlement 

α, β Fitting coefficients 

αd, βd Depth factor fitting coefficients 

αsu Friction ratio of skirts 
'
plp∆  Operative increment in in plastic stress 

Δu Excess pore water pressure 

Δui Initial excess pore water pressure 

φ' Critical state friction angle 

γw Unit weight of water 

κ Slope of the recompression line 

λ Slope of the virgin compression line 

κsu Soil heterogeneity index 
'
vσ  In-situ vertical effective stress 
'
hσ  In-situ horizontal effective stress 

θ Lode angle 

 479 

 480 

  481 
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TABLES 626 
 627 
Table 1. Soil properties used in finite element analyses 628 

Parameter input for FE analyses Magnitude 

Index and engineering parameters  
Saturated Bulk Unit Weight (kN/m3) 
Permeability (m/s) 

 
Elastic parameters (as a porous elastic material) 

Recompression Index (κ) 
Poisson’s Ratio (ν') 
Elastic shear modulus (G) 
Tensile Limit 

 
Clay plasticity parameters 

Virgin compression Index (λ) 
Stress Ratio at Critical State (Mcs) 
Wet Yield Surface Size* 
Flow Stress Ratio** 
Intercept (e1, at p'=1 kPa on CSL) 

 
17.18 
1.3 10-10 
 
 
0.044 
0.25 
50p'0 
0 
 
 
0.205 
0.89 
1 
1 
2.14 

*The wet yield surface size is a parameter defining the size of the yield surface on the “wet” side of critical state, β. (β = 1 means that the 629 
yield surface is a symmetric ellipse). 630 
**The flow stress ratio represents the ratio of flow stress in triaxial tension to the flow stress in triaxial compression 631 

Table 2.  Definition of notation 632 

  Vertical Horizontal Rotational 

Load Vp (preload) H M 

Uniaxial 
(unconsolidated) 
undrained capacity 

Vuu Huu Muu 

Normalized load vp = Vp/Vuu h = H/Huu m = M/Muu 

Consolidated 
undrained pure 
uniaxial capacity 

cuV  cuH  cuM  

Normalized 
consolidated 
undrained pure 
uniaxial capacity 

uucucu V/Vv =  uucucu H/Hh =  uucucu M/Mm =  

 633 

  634 
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Table 3. Stress and strength factor fσfsu for surface circular foundations for critical state interpretation 635 

 Loading 
direction fσfsu 
V 0.43 
H 0.88 
M 0.57 

 636 

Table 4. Coefficients αd and βd for defining the depth scaling factor fd for critical state interpretation, Eqn 637 

17 638 

Soil-skirt 
interface 

roughness 
Loading 
direction αd,1 αd,2 βd,1 βd,2 

rough 
V -1.32 1.1 1.34 -0.44 
H -2.77 2.99 0.73 -0.38 
M 0.4 -1.79 1.42 -1.18 

smooth 
V -0.71 0.53 1.56 -2.23 
H -3.11 3.75 0.12 0.04 
M 1.17 -3.12 0.43 0.21 

 639 

Table 5. Non-dimensional time factor for 50% partial consolidation settlement, T50,s 640 

d/D 
rough 

interface 
smooth 

interface 
0.1 0.28 0.28 

0.25 0.34 0.32 
0.5 0.4 0.35 

 641 

Table 6. Fitting coefficient mi, where i = V, H, or M, for determining the gain in capacity following partial 642 

consolidation for rough and smooth skirted circular foundations 643 

mV 0.8 

mH 1.2 

mM 1.2 
 644 

  645 
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 646 
Table 7. Fitting parameters for approximating expression for unconsolidated undrained failure envelope 647 
for skirted circular foundations with rough soil-skirt interface. 648 

 
α β 

 
d/D 

κsu 0 0.1 0.25 0.5 0 0.1 0.25 0.5 

0 1.63 1.89 2.10 1.83 -0.05 -0.16 -0.44 -0.66 
6 2.00 1.70 2.15 1.96 0.06 0.08 -0.22 -0.53 

20 2.46 1.66 2.10 2.04 -0.01 0.27 -0.11 -0.49 
60 2.89 1.75 2.10 2.03 0.13 0.40 -0.07 -0.46 

100 3.12 1.76 2.11 2.03 0.13 0.44 -0.07 -0.46 
 649 

Table 8. Fitting parameters for approximating expression for unconsolidated undrained failure envelope 650 

for skirted circular foundations with smooth soil-skirt interface. 651 

 
α β 

 
d/D 

κsu 0 0.1 0.25 0.5 0 0.1 0.25 0.5 

0 1.63 1.94 1.97 1.73 -0.05 -0.01 -0.26 -0.58 
6 2.00 1.65 2.11 1.76 0.06 0.26 0.01 -0.42 

20 2.46 1.66 2.16 1.94 -0.01 0.40 0.13 -0.33 
60 2.89 1.76 2.11 1.93 0.13 0.53 0.20 -0.30 

100 3.12 1.82 2.29 1.94 0.13 0.56 0.18 -0.30 
 652 
 653 

Table 9. Values of *
uumax h/h  for vertical load mobilisation 0 ≤ Vp/Vuu ≤ 1 for skirted circular 654 

foundations with rough and smooth soil-skirt interface roughness 655 

 
rough soil-skirt interface smooth soil-skirt interface 

 κsu κsu 
d/D 0 6 20 60 100 0 6 20 60 100 

0 1 1 1 1 1 1 1 1 1 1 
0.1 1 1 1 -1.07 -1.1 1 1 -1.09 -1.19 -1.22 

0.25 1.11 1.03 1.01 1 1 1.02 1 1 1 1 
0.5 1.37 1.17 1.15 1.13 1.12 1.17 1.03 1.01 1.01 1.01 

 656 
  657 



34 

 658 
Table 10. Summary of proposed procedure.  659 

 Activity Reference 

Step 1 Calculate uniaxial unconsolidated undrained capacities, Vuu, 
Huu and Muu

 for particular foundation geometry and shear 
strength soil profile. 

Vulpe, 2015  

Step 2 Calculate normalised preload vp = Vp/Vuu.  

Step 3 Calculate the normalised consolidated undrained pure 
uniaxial capacities vcu, hcu and mcu for the particular 
foundation geometry, relative preload and interface 
roughness. 

Equations 13 - 17 and Table 3 and 
Table 4 

Step 4 Calculate the normalised loads h and m for the selected 
foundation geometry and desired H and M loads. 

 

Step 5 Calculate the normalised loads h* and m* for the selected 
foundation geometry and level of vertical preload Vp/Vuu. 

Equation 21 

Step 6 Plot normalised unconsolidated undrained VHM failure 
envelope from approximating expression in h/h* and m/m* 
space for the desired Vp/Vuu, d/D, soil heterogeneity and 
soil-skirt interface roughness. 

Vulpe, 2015 

Step 7 Plot the VHM failure envelope for the fully consolidated 
undrained condition by scaling the normalised undrained 
unconsolidated curve by the normalised consolidated 

uniaxial capacities, cuh  and cum , determined in Step 3. 

 

Step 8 Calculate hcu,p and mcu,p for the desired consolidation time 
and for the particular foundation geometry and interface 
roughness. Scale the fully consolidated failure envelope 
(from Step 7) by hcu,p/ hcu and mcu,p/ mcu factors. 

Equations 18 and 19 and Table 5 
and Table 6 

 660 
  661 
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 662 
FIGURES 663 

 664 

Figure 1. Example of finite element mesh (d/D = 0.50) 665 

 666 

 

 

Figure 2. Foundation geometry, reference point and soil shear strength profile 667 
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Figure 3. Effect of embedment on the initial excess pore pressure distribution beneath the base plate  669 

 

 

 

Figure 4. Effect of embedment on the initial excess pore pressure ratio underneath the base plate at the 670 

centreline 671 
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Figure 5. Effect of preload and interface roughness on the foundation time-settlement response, example 673 

shown for d/D = 0.25 674 

 675 

Figure 6. Effect of embedment ratio on foundation time-settlement response at the centreline of skirted 676 

circular foundations with rough soil-skirt interface  677 
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 678 

Figure 7. Effect of relative preload on gains in undrained shear strength after full primary consolidation, 679 

example for foundations with rough interface. Contours of final to in situ undrained strength, su,f/su,i = 680 

1.2, 1.4 etc 681 

 682 
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 683 

Figure 8. Effect of soil-skirt interface roughness on gains in undrained shear strength after full primary 684 

consolidation, examples for relative preload Vp/Vuu = 0.7. 685 

  686 
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a) 

  
b) 

Figure 9. Normalised gain in undrained uniaxial vertical capacity after vertical preloading and full primary 
consolidation for (a) rough interface and (b) smooth interface. Theoretical prediction using Equation 16 also 
shown. 

  
a) 

  
b) 

Figure 10. Normalised gain in undrained uniaxial horizontal capacity after vertical preloading and full primary 
consolidation for (a) rough interface and (b) smooth interface. Theoretical prediction using Equation 16 also 
shown. 
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a) 

  
b) 

Figure 11. Normalised gain in undrained uniaxial vertical capacity after moment preloading and full primary 
consolidation for (a) rough interface and (b) smooth interface. Theoretical prediction using Equation 16 also 
shown. 
 687 
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 691 
Figure 12. Failure mechanisms under pure vertical, horizontal and moment loading following preloading 692 

and consolidation of skirted circular foundations with embedment ratio d/D = 0.5 for the discrete level of 693 

preload Vp/Vuu = 0.7 694 

 695 

 696 
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Figure 13. Stress paths at the centreline of the foundation (d/D = 0) during loading and consolidation: a) 697 

p'-q space; b) e-ln(p') space 698 

  699 

0

2

4

6

8

10

12

14

16

0 5 10 15 20 25

D
ev

ia
to

ric
  s

tre
ss

, q

Effective mean stress, p'

Initial yield envelope

CSL

UU
(unconsolidated 

undrained)

Vp/Vuu = [0.1,0.7]
CU

(consolidated 
undrained)

1.54

1.56

1.58

1.6

1.62

1.64

1.66

1.68

1.7

2 2.5 3 3.5 4

V
oi

d 
ra

at
io

, e

Effective mean stress, ln(p')

NCL

CSL

 K0

UU

Vp/Vuu = [0.1,0.7]
CU

K0



44 

 
a) 

 
b) 

 
c) 

 
d) 

 
e) 

 
f) 

Figure 14. Normalised consolidated undrained uniaxial capacity after partial consolidation as a fraction 700 

of the normalised consolidated undrained uniaxial capacity after full primary consolidation for smooth 701 

skirted foundations.  702 
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 703 

 
a) 

 
b) 

 
c) 

 
d) 

Figure 15. Failure envelopes as function of relative preload: a) & b) unconsolidated undrained c) & d) 704 

consolidated undrained  705 
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 707 

 
a) 

 
b) 

 
c) 

 
d) 

Figure 16. Normalised consolidated undrained envelope after full primary consolidation under varying 708 

preload levels compared to curve fits for; a), c), rough interface; and b), d) smooth interface. 709 
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 711 

 
a) 

 
b) 

 
c) 

 
d) 

Figure 17. Normalised consolidated undrained envelope after partial consolidation under varying preload levels 712 

compared to curve fits for; a), c) rough interface; and b), d) smooth interface. 713 
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