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Investigations into the uplift skirted foundations on clay at varying 31 

rates 32 

Abstract 33 

This paper presents finite element simulations to re-interpret a series of full model and PIV 34 

centrifuge tests to study the uplift of skirted foundations. The focus is on the influence of uplift 35 

rate on the uplift capacity and the mechanism of “breakaway” (i.e., the phenomenon of sudden 36 

loss of uplift resistance). A backbone curve, quantifying the uplift rate-capacity relationship, is 37 

established for uplift based on the numerical and experimental results. The dimensionless 38 

velocities V = 6 and 130 are found to be the boundaries for drained, partially drained, and 39 

undrained conditions. The breakaway is found related to ambient water infiltration. In the 40 

numerical modelling, the remaining length of the skirt inside soil is used as an indicator for 41 

breakaway, i.e., breakaway happens when this length is smaller than a critical value. This 42 

hypothesis is demonstrated to be effective by comparing the numerical modelling with the 43 

experimental results.  44 

 45 

Keywords: skirted foundation uplift; hydro-mechanical interface; breakaway; viscosity; rate 46 

effect; drainage 47 
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Notation list 50 

su, sum, su0    Soil undrained strength, soil strength at mudline, and soil strength at skirt tip 51 

sum    Soil undrained strength at mudline 52 

su0    Soil undrained strength at skirt tip 53 

k    Soil undrained strength gradient against depth 54 

z    Depth below mudline 55 

D    Foundation diameter 56 

d    Skirt length 57 

Nc, Nc,drainge   Uplift capacity factor of foundation and its value without strain rate effect 58 

A    Cross-section area of foundation 59 

v    Uplift velocity 60 

V, Vref    Dimensionless uplift velocity and reference dimensionless uplift velocity 61 

cv    Coefficient of consolidation 62 

u, ug, us    Suction, suction within interface, and suction within soil 63 

K0    Coefficient of lateral earth pressure at rest 64 

    Soil internal friction angle 65 

pp    Surcharge at mudline 66 

’    Submerged unit weight of soil 67 

w    Water unit weight 68 

vt    Transverse flow rate of interface 69 

ct    Transverse conductivity of interface 70 

gn    Interface opening distance 71 

Kr, Kr0   Longitudinal conductivity of interface and its value immediately before breakaway 72 

Kr0    Longitudinal conductivity of interface before breakaway 73 

r    Radial coordinate 74 

qr    Radial flux of interface 75 

t    Time 76 

dr    Remaining length of skirt inside soil 77 

    Dimensionless breakaway factor 78 

w, wb    Uplift distance and uplift distance before breakaway 79 

 80 
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1 Introduction 97 

Skirted foundations consist of a top plate and a circumferential skirt, confining a soil plug 98 

inside the compartment once fully installed. The uplift capacity and failure mechanism of 99 

skirted foundations vary depending on the drainage condition of the soil (Randolph & 100 

Gourvenec 2017; Bye et al. 1995; Watson & Humpheson 2007; Miller et al. 1996; Dendani & 101 

Colliat 2002; Gaudin et al. 2011), because the negative excess pore pressure (i.e. suction) below 102 

the top plate significantly affects the uplift process (Chen et al. 2012; Chatterjee et al. 2014; 103 

Acosta-Martinez et al. 2008).  104 

From the available studies on skirted foundation uplift (e.g., Acosta-Martinez et al. 2008, 2010, 105 

2012; Mana et al. 2013; Gourvenec et al. 2007; Chen et al. 2012), two critical issues can be 106 

found, requiring more fundamental investigations. One is the effect of loading rate on the uplift 107 

resistance, which strongly influences the pore water pressure generation and dissipation below 108 

the top plate. Compared with compression, the “backbone” curve (i.e., the relation between the 109 

peak uplift resistance and uplift velocity) for uplift has not been well established to distinguish 110 

the range between undrained, partially drained, and fully drained conditions. The other issue is 111 

“breakaway”, which is the phenomenon where the soil detached from the foundation, resulting 112 

in a rapid reduction of the uplift resistance down to nearly to zero. This is distinctly different 113 

from compression and requires further exploration.  114 

This paper re-interprets a series of full model and PIV (half model) centrifuge tests of skirted 115 

foundation uplift at varying rates performed by Li (2015) with the aid of finite element (FE) 116 

simulations, focusing on investigating the rate effect and breakaway mechanism. A backbone 117 

curve in terms of the peak uplift resistance versus the dimensionless velocity is established 118 

from this study, where the dimensionless velocity ranges for drained, partially drained, and 119 

undrained conditions are quantified. From the observation of centrifuge tests and numerical 120 



modelling, a criterion for predicting breakaway onset is proposed. A good agreement between 121 

the numerical prediction and physical observation are reached, and the mechanism of 122 

breakaway is discussed from the modelling results. 123 

2 Centrifuge modelling 124 

Li (2015) conducted a total of 23 centrifuge tests on the drum centrifuge (Stewart et al. 1998) 125 

at 200g at the University of Western Australia, including 18 full model tests and 5 half model 126 

PIV tests. The tests are re-interpreted in this paper thanks to the addition of new numerical 127 

modelling. The test procedures and results are reviewed briefly for completeness.  128 

2.1 Soil sample  129 

Commercially available kaolin power was mixed with water to a moisture content of 120% 130 

(twice the liquid limit) under vacuum and then consolidated in-flight at 200g, giving the soil 131 

sample an initial height of 150 mm. Then, the top 30 mm layer was scraped off, giving a final 132 

sample height 120 mm. T-bar tests were conducted before, during and after the tests, showing 133 

an approximately linear soil strength profile: 134 

 u ums s kz= +  (1) 135 

where sum is the soil strength at mudline, being 2.55kPa and 0.92 kPa for the full model and 136 

PIV tests, respectively, z the vertical distance to mudline and k the gradient for soil strength to 137 

increase with depth, being 1.21 kPa/m and 1.33 kPa/m for the full model and PIV tests (in 138 

prototype), respectively. 139 

2.2 Test setup and instrumentation 140 

As shown in Fig. 1, circular aluminium foundation models with a diameter D of 60 mm (12 m 141 

in prototype) were used. It had a skirt length d = 12 mm (2.4 m in prototype), giving an 142 



embedment ratio d/D = 0.2 (noting the top plate was contacting the soil surface before the uplift 143 

tests). The layout in centrifuge is shown in Fig. 1(b). 144 

2.3 Test procedures 145 

For the full model tests, the foundation was installed with a speed of 0.05 mm/s at 1g. After 146 

installation, the centrifuge ramped up to 200g. Then, the centrifuge channel was filled with 30 147 

mm water to submerge the model. A preload of 15.4 N was applied onto the foundation for 148 

approximately 10 mins in model scale in order for the top plate to have better contact with the 149 

soil. This preload is 10% of the foundation undrained bearing capacity, estimated as 0.1Ncsu0A, 150 

where the dimensionless bearing capacity factor was taken as Nc = 10 following Mana et al. 151 

(2010), su0 = 5.45 kPa the soil strength at skirt tip, and A the cross-section area of the foundation. 152 

After the preloading, the foundation was uplifted by the actuator at a constant velocity. Nine 153 

tests were conducted where the foundation uplift velocities are v = 0.0005, 0.001, 0.005, 0.01, 154 

0.05, 0.1, 0.5, 1, 3 mm/s (in model scale), respectively. The velocity can be expressed as 155 

dimensionless velocities V = vD/cv (Finnie & Randolph, 1994). Taking the consolidation 156 

coefficient cv of kaolin clay at the experimental stress level as 1.5 m2/year (House et al., 2001), 157 

the 9 tests have V= 0.6, 1.3, 6.3, 12.6, 63.1, 126.1, 630.7, 1261.4, 3784.3, respectively.  158 

For the PIV tests, a half model was used and kept tight contact to the transparent window of 159 

the strongbox during the tests. The foundation and soil movements were recorded by a camera 160 

in front of the transparent window in flight. The test procedures were the same as in full model 161 

tests and 3 PIV tests were conducted at rate of v = 0.001; 0.05 and 1 mm/s (i.e., V=1.3, 63.1, 162 

and 1261.4). 163 

2.4 Test results 164 

The resistance and excess pore pressure of the 9 full model centrifuge tests (V=0.6, 1.3, 6.3, 165 

12.6, 63.1, 126.1, 630.7, 1261.4, 3784.3) are shown in Fig. 2. The upper part is the 166 



dimensionless uplift resistance F/Asu0, where F is the uplift resistance force, A the cross-167 

sectional area of the foundation, and su0 the undrained soil strength at the skirt tip. The lower 168 

part is the dimensionless excess pore pressure u/su0. The horizontal axis is the uplift distance w 169 

normalised by the skirt length d. At V ≤ 1.3, the uplift resistance F/Asu0 is close to zero 170 

throughout, and there is no obvious breakaway occurring. At higher velocities, the resistance 171 

first increases to a peak, followed by some mild softening before an abrupt breakaway 172 

happening. It can be noted that the peak resistance increases with uplift velocity. 173 

At peak uplift resistance, the soil flow mechanism derived from the 3 PIV tests (V = 1.3, 63.1, 174 

1261.4, representing slow, intermediate, and fast uplift) is shown in Fig. 3, where the left half 175 

is the displacement contour plot (normalised by the foundation displacement) and the right half 176 

is the soil movement vector plot. The failure mechanisms at the three velocities are deemed to 177 

be in undrained, partially drained, and drained conditions (cross refer to the uplift resistance in 178 

Fig. 2).  179 

The centrifuge results in Fig. 2 show that the development of the suction (negative excess pore 180 

pressure) below the foundation almost mirrors the uplift resistance for all the tests. This implies 181 

that nearly all the resistance to uplift is from negative pore pressure. When breakaway initiates, 182 

there is a sudden loss of suction, indicating that breakaway is related to a sudden change of 183 

hydraulic conditions around the foundation.  184 

3 Numerical modelling 185 

3.1 Model  186 

As shown in Fig. 4, a 2D axisymmetric model was established with a soil domain size 5D × 187 

2D. This size had been verified sufficient to eliminate boundary effects from preparatory 188 

sensitivity study. The soil bottom was fixed in all directions, while the two sides were allowed 189 



to move only in vertical direction. The top surface was set as a free drainage boundary except 190 

the area covered by the foundation.  191 

The foundation was modelled as a rigid body. A coupled hydro-mechanical interface was 192 

developed by the authors (see Peng et al., 2022 for details) and further extended to 193 

axisymmetric condition, which allows suction generation and dissipation and foundation-soil 194 

separation to be adequately addressed. The skirt-soil interaction was modelled as Coulomb 195 

friction contact model with the coefficient of friction  taken as 0.1 based on back analysis.  It 196 

is noted that the model foundation was manufactured from aluminium with very smooth 197 

surfaces. 198 

3.2 Soil constitutive model 199 

Modified Cam Clay (MCC) (Roscoe & Burland, 1968; Schofield & Wroth, 1968) constitutive 200 

model was used to describe the soil behaviours. MCC parameters for the kaolin clay used in 201 

the centrifuge tests are listed in Table.1 (Steward, 1982). The soil was considered as K0 202 

consolidated with K0 estimated as (Jaky 1944): 203 

 0 1 sin 0.6K = −   (2) 204 

It is crucial to keep the undrained shear strength su profile same as the experimental condition 205 

for a realistic modelling. In the numerical model, a surcharge pp was applied on the mudline to 206 

improve numerical stability. The soil unit weight ’ and surcharge pp were adjusted to provide 207 

a good fit of the su profile, where pp and ’ were selected as 8.91 kPa and 4.23 kN/m3. The 208 

numerical value of ’ is slightly lower than the typical kaolin clay effective unit weight in the 209 

range of 5 ~ 8 kN/m3, but this represents a best fit to the shear strength to reproduce real soil 210 

behaviour. 211 



3.3 Interface modelling 212 

A coupled hydro-mechanical zero-thickness interface was developed by the authors in plane 213 

strain condition (see Peng et al. 2022 for details), which has been proved to be able to model 214 

uplifting problems adequately. It is extended to axisymmetric condition as shown in the 215 

following. As illustrated in Fig. 5, the transverse and longitudinal flows are defined as:  216 

 ( )t t g sv c u u= −  (3) 217 
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where vt is the transverse flow rate; ug the excess pore pressure at mid-gap, us the excess pore 219 

pressure of soil under the foundation; qr the longitudinal flux, gn the dimension of gap opening 220 

between the foundation and soil; Kr the longitudinal conductivity of the interface, w the unit 221 

weight of water; and r denotes longitudinal distance. ct is a parameter controlling the speed of 222 

fluid exchange between gap and soil plug, taken as 1.86×10-8 m/(kPa∙s) based on back analysis 223 

of the centrifuge results.  224 

According to continuity, the volumetric change of the interface (i.e., the space of between the 225 

foundation and the soil plug) equals the water flow-in volume minus the water flow-out volume. 226 

Assuming the water as incompressible: 227 
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where t denotes time. 229 

3.4 Breakaway modelling 230 

Based on the centrifuge observations, breakaway is assumed to initiate when the skirt length 231 

left in the soil dr reaches a critical value d, where  is a value to be derived from the tests. 232 



This is illustrated in Fig. 5, where the interface longitudinal conductivity Kr is assumed to vary 233 

with dr. dr initially equals to d and reduces with the uplift process. When dr > d, Kr is set to 234 

increase linearly from 0 to Kr0. When dr reaches d, Kr quickly increases to a large number by 235 

employing an expression Kr = Kr0/(drd)b, where b is taken as 100 in this study to ensure a 236 

rapid increase. The values of Kr0 and  were taken as 3.2×10-9 m/s and 0.26, respectively, by 237 

back-analyzing numerical result to centrifuge data at V = 63.1. Note the same values are used 238 

for the analyses at other velocities. 239 

3.5 Numerical result verification 240 

Fig. 6 shows the comparisons between numerical and experimental results at V = 0.6, 63.1, and 241 

3784.3. It can be seen that the numerical results agree well with the centrifuge tests, especially 242 

for V = 0.6 and 63.1. At V = 3784.3, the numerical result lies within the limit analysis solutions 243 

from Martin (2001), i.e., upper and lower bounds for undrained capacity of skirted foundations 244 

of 10.36 and 9.11. Also shown is the numerical result of Mana et al. (2010) with a good 245 

agreement with this study. The centrifuge result is higher than numerical result at V = 3784.3, 246 

which is believed due to soil undrained strength increases with strain rate (see Einav & 247 

Randolph, 2005), while the adopted MCC model does not consider this effect. The comparison 248 

of numerical and experimental results at other velocities can be found in Fig. 8. 249 

It is clear that breakaway is well reproduced at all velocities. Note the values of  and Kr0 are 250 

the same for all cases, and they were calibrated from the single case of V = 63.1 experimental 251 

result. The good agreement for all velocities indicates the breakaway modelling is effective. 252 

4 The role of negative pore pressure (suction) in uplifting problem 253 

From Fig. 2, it can be seen that the suction is the main component of the uplift resistance, and 254 

thus the skirt friction accounts for only a limited fraction, especially at fast velocities. At each 255 



velocity, the recording of the three PPTs were comparable, within 3% difference, indicating an 256 

even distribution of pore pressure below the foundation.  257 

It has been widely accepted that undrained uplift capacity equals the undrained compression 258 

capacity, i.e., the “reverse end bearing” mechanism (Acosta-Martinez et al. 2008; Mana et al., 259 

2013). However, the effective soil stresses and pore pressure play different roles in undrained 260 

compression and uplift. For compression, both excess pore pressure and effective soil stresses 261 

provide resistance (see Tian et al., 2022 for more detailed discussion). With lower compression 262 

rate, the dissipation of excess pore pressure leads to consolidation (increase in soil effective 263 

stresses) and soil hardening, thus resulting in higher resistance with lower V (Finnie & 264 

Randolph, 1994; Randolph & Hope, 2004; Lehane et al., 2009; Chuang et al., 2006; Chow et 265 

al., 2020). In contrast, in uplift, suction is seen as the main component of resistance. With lower 266 

uplift rate, the suction dissipates, and thus uplift resistance drops correspondingly. 267 

Consequently, the drained uplift capacity is very low. 268 

The stress paths for a soil point lying 0.03D below the foundation centre is shown in Fig. 7, 269 

where the sign of deviatoric stress q is defined as the same as the sign of v’ – h’. At V = 0.6, 270 

the stress state merely changes during the uplift. At V = 1.3 ~ 63.1, the stress state mainly shows 271 

unloading into the yield surface. At higher velocities, the soil is first unloaded. After q reducing 272 

to zero, the soil is re-loaded again in extension (v’ < h’) to reach the yield surface and moves 273 

towards the critical state line (CSL) following a stress path similar to undrained triaxial 274 

extension. But before reaching the CSL, another steep unloading occurs. This unloading is due 275 

to breakaway where the suction acting on the soil plug is quickly lost.   276 

5 The rate effect and the backbone curves 277 

Fig. 8 shows the dimensionless capacity factor Nc = Fmax/Dsu0 versus the dimensionless velocity 278 

V=vD/cv for both the 9 centrifuge tests and the corresponding numerical modelling, where Fmax 279 



is peak resistance. It can be seen that good agreement between experimental and numerical 280 

results is reached when V < 80. At greater velocities, the experimental results exceed the 281 

numerical results. This is believed due to the strain rate effect on the soil strength su, which the 282 

numerical modelling did not consider by using the MCC model.  283 

The numerical results can be fitted by using the equation proposed by House et al. (2001): 284 

 
,drainage

,undrained 1

c

d

c

N b
a

N cV
= +

+
 (6) 285 

where the subscript “drainage” represents the sole effect of drainage (without strain rate effect); 286 

a represents the contribution from skirt friction; a + b = 1 represents the undrained resistance 287 

factor at large V; and c and d control the sharpness of the curve. The best-fit values for a, b, c, 288 

and d are 0.01, 0.99, 183.36 and -1.52. 289 

At V < 6, the uplift resistance stabilises to a small value, indicating drained conditions are 290 

reached. At V > 130, the uplift resistance stabilises at a peak, indicating undrained conditions 291 

are reached. This value is slightly higher than the undrained threshold V = 30 proposed by 292 

Finnie & Randolph (1994) based on a T-bar, and is much lower than the V = 10000 proposed 293 

by Chen et al. (2012) based on a surface footing. These differences are likely related to different 294 

easiness for ambient water infiltration, which decreases from surface footing to fully buried T-295 

bar. The easier the infiltration, the faster the suction dissipation, and the higher the undrained 296 

threshold. 297 

By combining the effect of strain rate, the below equation can be fitted to the experimental data, 298 

which can be regarded as a representative of soil viscous effect. 299 
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where Nc is the dimensionless uplift capacity with both drainage and strain rate effects. Vref and 301 

m are two constants, with the least-square best-fit values being 20 and 0.1, respectively.  302 

Lehane et al. (2009) characterised a series of centrifuge tests studying the rate effect on T-bar 303 

behavior using the same equation as Eq. (7), with the value of m being 0.08, reasonably close 304 

to that in this study.  It may seem surprising at first look that Nc < Nc,driange when V < Vref. This 305 

is actually because the numerical capacity at low V is slightly larger than the experimental one. 306 

But the difference is very small and thus ignored in this paper. 307 

6 Discussion on breakaway 308 

Fig. 2 shows that breakaway accompanies a sudden loss of suction below the foundation while 309 

some mild suction dissipation can be observed before breakaway. Fig. 9 shows the top plate 310 

and the underneath soil prior and post to the breakaway in PIV tests at v = 1 mm/s After 311 

breakaway, the space between the foundation and the soil obviously widened, indicating 312 

ambient water rapidly infiltrates into the foundation underside. The is possibly because the 313 

remaining length of the skirt inside soil dr is too short to resist the ambient water infiltration. 314 

Therefore, this study assumed when dr/d is less than a critical value , breakaway initiates. 315 

Fig. 10 compares the dimensionless uplift distance wb/d when breakaway occurs for numerical 316 

and experimental observations, where wb is the foundation uplift distance at breakaway, and d 317 

the skirt length. In general, good agreements are reached, indicating the breakaway is 318 

reasonably captured by the proposed method.  319 

Fig. 11 shows the dimensionless gap opening gn/d versus the displacement of the foundation 320 

w/d. For low velocities (V ≤ 12.6), the gap opening equals the uplifting distance at any instant, 321 

showing that the behaviour is drained and water flows freely into the gap. For intermediate 322 

velocities (e.g., V = 126.1), the gn/d increases nearly linearly with uplift distance, although the 323 

gap opening rate is slower than the uplift rate. At a certain point, the gn/d increases sharply, 324 



corresponding to the breakaway. The sudden widening of the gap during breakaway is in line 325 

with the PIV observation in Fig. 10. After breakaway, the slope of the curve becomes nearly 326 

equal to unity, indicating the uplift rate and gap opening rate are equal.  For high velocities, the 327 

gap opening is small until breakaway occurs, showing the soil is essentially in undrained 328 

conditions before breakaway.  329 

7 Concluding remarks 330 

A series of centrifuge tests, including full model tests and half model PIV tests, were re-331 

interpreted based on FE simulations to study the rate effect and breakaway during skirted 332 

foundation uplift. 333 

Results indicate that, as uplift rate increases, the uplift resistance increases. A backbone curve 334 

for uplifting has been established, where V = 6 and V = 130 are seen to be the boundaries for 335 

drained, partially drained, and undrained conditions. The two components of the rate effect, 336 

drainage effect and strain rate effect, are quantified separately. 337 

Breakaway is found associated with the rapid infiltration of ambient water into the foundation 338 

underside. In this study, breakaway is assumed to occur when the remaining length of the skirt 339 

inside soil becomes shorter than a critical value. This hypothesis is validated by the good 340 

agreement between numerical and experimental results. 341 

A practical implication is that, for offshore foundations decommissioning and salvage of 342 

sunken vessels, uplift rate needs to be chosen carefully such that the uplift resistance can be 343 

minimized and the lifting period is reasonable. Besides, the current design of offshore 344 

foundations is conservative by neglecting the existence of suction, though more comprehensive 345 

and thorough studies are required to be conducted to improve our understanding 346 
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Table 1. Parameters for MCC constitutive model 411 
 412 

Parameter input for finite-element analysis Values 

Unit weight of water,w: kN/m3 10 

Slope of swelling and recompression line in e-ln(p') space, κ 0.044 

Slope of virgin compression line in e-ln(p') space, λ 0.205 

Friction angle in triaxial compression,  23.5o 

Void ratio at p'  = 1 kPa on critical state line, ecs 2.14 

Soil permeability, ks: m/s 10-9 

 413 
 414 
 415 
 416 
  417 



 418 
(a) Sketch of foundations 419 

 420 

 421 
(b) Foundation layout in centrifuge 422 

Fig. 1 Layout of the skirted foundations used in full model centrifuge tests 423 

 424 
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Fig. 2 Results of full model centrifuge tests 426 
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 431 
(a) V = 1261.4 432 



 433 
(b) V = 63.1 434 

 435 
(c) V = 1.3 436 

Fig. 3 Normalised soil displacement contours and failure mechanisms at peak uplift 437 
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Fig. 4 FE model setup and mesh 441 
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 444 
Fig. 5 Schematic illustration of the proposed breakaway criterion 445 
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 449 

Fig. 6 Comparison between numerical and experimental results 450 
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 454 

Fig. 7 Stress paths for soil 0.03D below the foundation centre at varying velocities  455 
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 461 
Fig. 8 Numerical and experimental backbone curves 462 
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Fig. 9 PIV results before and after breakaway at v = 1 mm/s 468 
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 471 

Fig. 10 Comparison of numerical and experimental breakaway distance  472 
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Fig. 11 Evolution of foundation-soil separation distance against uplift distance  477 
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