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Prediction of Spudcan Penetration Resistance Profile in Stiff-Over-Soft 21 

Clays 22 

Abstract 23 

Spudcan punch-through during installation and preloading process is one of the key concerns 24 

for the jack-up industry. This incident occurs in layered deposits, with new design approaches 25 

for spudcan penetration in sand-over-clay deposits reported recently. This paper reports a 26 

novel design approach for spudcan penetration in stiff-over-soft clay deposits. Large 27 

deformation finite element (LDFE) analyses were carried out using the Coupled Lagrangian-28 

Eulerian (CEL) approach. The clay was modelled using the extended elastic-perfectly plastic 29 

Tresca soil model allowing strain softening and rate dependency of the undrained shear 30 

strength. A detailed parametric study was undertaken, varying the strength ratio between 31 

bottom and top soil layers, the thickness of the top layer relative to the spudcan diameter, and 32 

degree of non-homogeneity of the bottom layer. Existing data from centrifuge model tests 33 

were first used to validate the LDFE results, and then the measured and computed datasets 34 

were used to develop the formulas in the proposed design approach. The approach accounts 35 

for the soil plug in the bottom layer, and the corresponding additional resistance. Where there 36 

is the potential for punch-through, the approach provides estimations of the depth and bearing 37 

capacity at punch-through, the bearing capacity at the stiff-soft layer interface, and the bearing 38 

capacity in the bottom layer. Comparison shows that the punch-through method suggested in 39 

ISO standard 19905-1 provides conservative estimate of the bearing capacity at punch-40 

through, with guidelines provided to improve the method.  41 

KEYWORDS: bearing capacity; punch-through; clays; footings/foundations; numerical 42 

modelling, offshore engineering  43 
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INTRODUCTION 44 

Spudcan Foundation and Punch-through 45 

Most offshore drilling in shallow to moderate water depths is performed from self-elevating 46 

jack-up rigs due to their proven flexibility, mobility and cost-effectiveness (CLAROM 1993; 47 

Randolph et al. 2005). Jack-ups possess a self-installation capacity. When on site their legs 48 

are lowered to the seabed and the footings are then preloaded by pumping seawater into 49 

ballast tanks in the hull. This is to ensure that the footings have sufficient reserve capacity in 50 

any extreme storm design event. 51 

For the jack-up industry, one of the major concerns related to geotechnical/structural failures 52 

during installation is spudcan punch-through. This incident can occur in stratified soil 53 

conditions with a surface or interbedded strong layer overlying a weak layer, with rapid leg 54 

penetration. Excessive uncontrolled leg plunge may lead to buckling of the leg, effectively 55 

decommissioning the platform, or even toppling of the jack-up unit (Aust 1997; Kostelnik et 56 

al. 2007; Menzies and Lopez 2011).  57 

Recently, design approaches for spudcan penetration in sand-over-clay deposits have been 58 

reported by Teh et al. (2009), Lee et al. (2013a, 2013b), Hu et al. (2014a, 2014b, 2015); and 59 

for spudcan penetration in stiff-over-soft clay deposits by Dean (2008). This paper develops a 60 

new design approach for spudcan penetration in stiff-over-soft clay deposits with the potential 61 

for punch-through (see Figure 1). For jack-up installation in the field, it is critical to know the 62 

depth and magnitude of the peak bearing capacity (dp, Ppeak) in the top layer and the punch-63 

through distance, hP-T. Comparing Ppeak with the intended full preload Vp, likelihood and 64 

severity of punch-through can be assessed. Even if Vp ≤ Ppeak, sufficient safety margin is 65 

required to be applied to avoid subsequent failure during e.g. a storm event. For Vp > Ppeak, it 66 

is essential to know the severity of potential punch-through in particular hP-T.          67 
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ISO Method  68 

For assessing spudcan penetration resistance in stiff clay overlying soft clay, current design 69 

method recommended in the ISO standard 19905-1 (ISO 2012) is based on the following 70 

punching-shear method [originally proposed by Brown and Meyerhof (1969)] 71 

[1]    

int
v ut ub 0

ut 0

d4T
Q A 0.75s Min 6 1.2 , 9.0 s p

D D

d
A Min 6 1.2 , 9.0 s p
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 72 

where Qv is the gross penetration resistance assuming an open cavity (i.e. the effect of 73 

backfilled soil has not been included in Equation 1), T is the thickness of the top layer 74 

between the base of the advancing spudcan and the initial layer interface, p0 is the effective 75 

overburden pressure of soils at the penetration depth d that is measured from the mudline to 76 

the lowest point of spudcan’s maximum bearing area, and A is the largest spudcan plan area. 77 

The other terms can be found in Figure 1. No guidelines are given for the punch-through 78 

criterion about the depth of punch-through (dp) and about selecting the undrained shear 79 

strength sub for non-homogeneous strength profile. 80 

The ISO method was developed based on the results for a surface circular footing on uniform 81 

clays through model tests at 1g. The base of the soil plug is assumed to be fixed at the initial 82 

stiff-soft layer interface regardless of the spudcan penetration. As such, the soil plug carried 83 

down with the spudcan from the top (stiff) layer into the bottom (soft) layer, and 84 

corresponding contribution to the penetration resistance, are neglected. Additionally, the 85 

strain softening due to remoulding of clay is not explicitly considered, although a factor of 86 

0.75 is applied on intact sut (see Equation 1) to obtain mobilised shear strength of the top 87 

layer. The need to take full account of softening effect in order to achieve accurate prediction 88 
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of spudcan penetration is emphasised by Erbrich (2005), Osborne (2007), Randolph et al. 89 

(2007), and Hossain and Randolph (2009a). 90 

Previous Work  91 

To improve the ISO method, a number of investigations have been conducted on the bearing 92 

response of foundations in stiff-over-soft clays. Wang and Carter (2002) simulated continuous 93 

penetration of a circular footing in two-layer clay deposits, using a large deformation finite 94 

element (LDFE) method. Small strain FE analyses of surface footings on uniform-over-95 

uniform clays were undertaken by Edwards and Potts (2004) and Merifield and Nguyen 96 

(2006). The results from centrifuge model tests and LDFE analyses for spudcan penetration in 97 

stiff-over-soft clays were reported by Hossain and Randolph (2010a, 2010b). Based on the 98 

results from LDFE analyses, Hossain and Randolph (2009b) proposed a design approach for 99 

predicting the spudcan penetration resistance profile in stiff-over-soft clays. However, the 100 

clay was modelled as a non-softening plastic material in the simulation. Therefore, the form 101 

of the penetration resistance profile, including the depth and value of peak resistance, was not 102 

simulated accurately and the penetration resistance profiles are consistently overestimated.  103 

Edwards and Potts (2004) summarised the results from their small strain FE analyses and 104 

proposed a new design approach (Edwards-Potts method) for spudcan penetration in uniform 105 

stiff-over-soft clays. For spudcan in the top layer, the contribution to the penetration 106 

resistance from the upper stiff layer is considered as a proportion of the difference between 107 

the bearing capacities of stiff layer and soft layer. The value of the proportion can be 108 

estimated from the proposed formula as a function of the strength ratio between clay layers 109 

and the thickness ratio of the stiff clay layer. For spudcan penetration in the bottom layer, the 110 

conventional single layer bearing capacity formula by Skempton (1951) is recommended. 111 



Prediction of Spudcan Penetration Resistance Profile in Stiff-Over-Soft Clays Zheng et al. 
 Submitted July 2015, Revised January 2016, Re-revised June 2016, Re-revised July 2016  

 

 5

Based on the centrifuge test data of spudcan penetration in uniform-over-uniform clay 112 

reported by Hossain and Randolph (2010a), Dean (2011) proposed an improvement of the 113 

ISO method (Dean method) in the discussion with Hossain and Randolph (2011). In the Dean 114 

method, the thickness of the soil plug, equal to the top layer thickness, is assumed to be 115 

unchanged during the spudcan penetration so that the bearing resistance from the periphery 116 

and base of the soil plug in the underlying soft layer can be calculated. For the calculation of 117 

spudcan penetration resistance in the top layer, adjustment coefficients were back-calculated 118 

for the terms of shear resistance and end bearing capacity. No recommendations were given 119 

for the calculation of the bottom layer. Hossain and Randolph (2011) supplemented the data 120 

with those from additional centrifuge tests and LDFE analyses for spudcan penetration in 121 

uniform-over-non-uniform clay, with slightly different adjustment coefficients obtained from 122 

the best fit.  123 

Existing Database and Objective of Present Study 124 

The centrifuge tests reported by Hossain and Randolph (2010a) for spudcan penetration in 125 

stiff-over-soft clays are assembled in Table 1. The shear strengths in these tests were 126 

measured using T-bar penetrometer test and the calculation framework at that time with a 127 

deep bearing capacity factor of 10.5. However, recent studies have highlighted two issues for 128 

characterising stiff-over-soft clay deposits with T-bar penetrometer (White et al. 2010; Lee et 129 

al. 2013a; Zhou et al. 2013): (a) for thin top layers relative to the penetrometer diameter, the 130 

full (i.e. stable) penetration resistance of that layer may not be mobilised; and (b) in the 131 

underlying soft layer, a soil plug may be brought down by the penetrometer from the top layer 132 

and hence the mobilised resistance may be higher compared with the actual resistance of that 133 

layer. Adjustments are therefore required. This is particularly critical for the T-bar 134 

penetrometer of 0.5 m (prototype) diameter used in centrifuge tests. As such, the strength 135 
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values are corrected through trial and error by simulating T-bar penetration in stiff-over-soft 136 

clays, which is discussed in the section on ‘Simulation of centrifuge tests’.  137 

A numerical parametric study (Groups II~IV, Table 2) was carried out to complement the 138 

centrifuge test data. To overcome the drawbacks that the clay was modelled as idealised rate-139 

independent, non-softening material in the previous numerical analyses (Wang and Carter 140 

2002; Hossain and Randolph 2010b), the effects of strain softening and rate dependency of 141 

the undrained shear strength of clay were incorporated.  142 

Based on the database (Tables 1 and 2), this paper aims to (i) present an extensive LDFE 143 

parametric study for spudcan penetration in stiff-over-soft clay accounting for strain softening 144 

and rate dependency; and (ii) propose a design approach to predict the depth and magnitude 145 

of the peak penetration resistance in the top layer, the resistance at the layer interface, and the 146 

penetration resistance profile in the bottom layer. 147 

 148 

NUMERICAL MODEL 149 

Geometry and Parameters      150 

This study has considered a circular spudcan of diameter D, penetrating into a two-layer clay 151 

deposit as illustrated schematically in Figure 1, where the top stiff layer with intact uniform 152 

undrained shear strength sut, effective unit weight t, and thickness t is underlain by the 153 

bottom soft layer of non-uniform intact undrained shear strength sub = subs + k(z – t), and 154 

effective unit weight b. subs is the intact undrained shear strength of the bottom soft layer at 155 

the layer interface. sub0 = subs + Max[k(d  t), 0] is the intact undrained shear strength at the 156 

spudcan base level d. Analyses were undertaken for a spudcan with a 13° shallow conical 157 

underside profile (included angle of 154°) and a 76° protruding spigot of height 0.14D. The 158 
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spudcan shape is similar to the spudcans of the Marathon LeTourneau Design, Class 82-SDC 159 

jack-up rig, as illustrated by Menzies and Roper (2008). 160 

A series of parametric analyses (Groups II~IV, Table 2) were performed simulating 161 

continuous penetration of spudcan from the seabed. The thickness of the top layer, t, was 162 

varied relative to the spudcan diameter as 0.25D~1D, with nominally infinite thickness of the 163 

bottom layer. A thickness ratio of t/D > 1 was not considered in the numerical parametric 164 

study. The ratio at the interface between the bottom and top layers, subs/sut, was varied as 165 

0.25~0.75. For convenience, the effective unit weight of the deposit was considered to be 166 

constant and was taken as  = t = b = 8 kN/m3. The normalised strength of the bottom layer 167 

at the interface was subs/bD = 0.31 (to reduce the effect of less influential factor, while 168 

keeping the value within the range of practical interest; Hossain and Randolph 2010b), with 169 

the degree of non-homogeneity kD/subs = 0~3.  170 

Analysis Details and Model Set-up 171 

The LDFE analyses in this study were performed using the Coupled Eulerian-Lagrangian 172 

(CEL) approach in the commercial FE package Abaqus/Explicit (DSS 2010). The CEL 173 

approach has already been employed to simulate spudcan penetration in multi-layer clay 174 

deposits, as discussed in detail by Zheng et al. (2014, 2015). Other applications of this 175 

technique include cone and strip footing penetration in cohesive soils (Qiu and Grabe 2011), 176 

spudcan penetration in single- and two-layer clays (Tho et al. 2012), and spudcan penetration 177 

in sand overlying clay (Qiu and Henke 2011; Qiu and Grabe 2012; Hu et al. 2014b).    178 

Currently, only three-dimensional elements are available in CEL analyses. For all analyses in 179 

this study, only a quarter sector of the domain was involved accounting for the inherent 180 

symmetry, as shown in Figure 2. The soil domain was chosen as 5D in horizontal and 8D in 181 

depth to avoid boundary effect. The spudcan was modelled as a rigid Lagrangian body and the 182 
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soil-spudcan interface as fully rough to ensure soil plug trapped at the base of the advancing 183 

spudcan. Note, for penetration of an object in stiff-over-soft clay deposits i.e. penetration of 184 

an object with a trapped soil plug underneath, the effect of object base roughness was found 185 

to be minimal (Griffiths 1982; Merifield et al. 1999; Merifield & Nguyen 2006; Hossain and 186 

Randolph 2010b). The soil was discretised using Eulerian elements of type EC3D8R. The 187 

Eulerian mesh included the original soil domain and an overlying layer initially filled with 188 

‘void’ material to accommodate the soil heave that resulted from the spudcan penetration. A 189 

cuboid of fine mesh was created along the trajectory of the spudcan, with a constant element 190 

size of 0.025D, which is consistent with the element size adopted by Hu et al. (2014b) and 191 

Zheng et al. (2014, 2015). 192 

Constitutive Law and Material Properties 193 

The clay was modelled as an elastic-perfectly plastic material obeying the Tresca yield 194 

criterion, but extending to capture strain rate and strain softening effects. The undrained shear 195 

strength at each integration point was modified at the beginning of each time step, following 196 

Einav and Randolph (2005) as 197 

[2]    
    95ref 3ξ /ξ

uc rem rem u
ref

Max ,
s 1 μlog δ 1 δ e s

   
            

 


 198 

where suc is the current undrained shear strength considering rate dependency and strain 199 

softening, and su is the intact undrained shear strength measured at the reference shear strain 200 

rate prior to any softening.  201 

The first bracketed term augments the strength according to the maximum shear strain rate   202 

relative to a reference value, ref , which was selected for the parametric study so that the 203 

normalised penetration rate v/(D ref ) of 11.11 lies within the range of practical interest (4~20; 204 
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Hossain and Randolph 2009a; InSafeJIP 2011; Hossain et al. 2014). It should be noted that 205 

typical values of spudcan penetration rates in the field may be estimated to lie between 0.4 to 206 

4 m/h, and reference shear strain rate in triaxial test ranges from 1%/h to 4%/h. The 207 

corresponding influence on spudcan penetration resistance has been discussed by Hossain and 208 

Randolph (2009a). The augment of shear strength follows a logarithmic law with rate 209 

parameter  taken as 0.1 for circular spudcan foundations (Low et al. 2008).      210 

The second part of Equation 2 models the degradation of strength according to an exponential 211 

function of accumulated absolute plastic shear strain, , from the intact condition to a fully 212 

remoulded ratio, rem (= 1/St, i.e. inverse of sensitivity St). The parameter, 95, represents the 213 

cumulative plastic shear strain required for 95% remoulding. A typical value of 95 = 12, 214 

within the range of 10~25 (i.e. 1000~2500% shear strain) suggested by Randolph (2004) and 215 

Einav and Randolph (2005) for normal clays with sensitivity St = 2~5, was used. The same 216 

strain rate and strain softening parameters were adopted throughout the soil profile. CEL 217 

analyses using the combination of the adopted typical values have been carried out for some 218 

centrifuge tests and reported case histories, providing reasonable agreement with the 219 

measured data (Hossain et al. 2014; Zheng et al. 2013, 2015). 220 

A uniform stiffness ratio of E/suc = 200 (where E is the Young’s modulus) was taken 221 

throughout the clay profile. The ratio is within the range commonly adopted for soft clays, but 222 

the precise value has negligible effect on the spudcan penetration resistance [see Figure 10 of 223 

Tho et al. (2012)]. This is because the clay around the penetrating spudcan predominantly 224 

undergoes significant plastic deformation, and hence the bearing capacity is hardly affected 225 

by the elastic parameter. Considering the large diameter and relatively fast penetration of 226 

spudcans in the field, all the analyses simulated undrained conditions and adopted a Poisson’s 227 

ratio of 0.49. The geostatic stress conditions were modelled with coefficient of lateral earth 228 
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pressure of 1, as the stable penetration resistance was found to be almost unaffected by the 229 

coefficient (Zhou and Randolph 2009). 230 

 231 

SIMULATION OF CENTRIFUGE TESTS 232 

As discussed previously, the undrained shear strengths reported by Hossain and Randolph 233 

(2010a) for the centrifuge tests assembled in Table 1 were re-interpreted in the light of 234 

improved understanding about the effect of underlying soft layer on T-bar penetration 235 

resistance. Numerical analyses were first undertaken simulating T-bar penetration for 236 

centrifuge tests in Table 1 in an effort to explore the actual values of undrained shear 237 

strengths. The soil-T-bar interface was modelled as partially rough with the limiting shear 238 

stress equal to remsut. The accuracy of the numerical model has already been verified by 239 

Zheng et al. (2013, 2014, 2015) through validation against centrifuge tests of spudcan 240 

penetration in three-layer clays. For each test, the corrected value of undrained shear strength 241 

was obtained through trial and error. Several attempts were made to get the corrected value 242 

until satisfactory agreement was achieved between the numerical and experimental T-bar 243 

penetration resistance profiles. In each attempt, the undrained shear strength was corrected in 244 

the light of the error in the last attempt. The computed and measured T-bar penetration 245 

responses for tests E2UNU-I-T 3 and E2UNU-II-T 5 are presented in Figure 3 in terms of 246 

total bearing pressure qu as a function of the penetration depth of the T-bar invert. In 247 

numerical simulations, two sets of undrained shear strength profiles were used, including one 248 

suggested by Hossain and Randolph (2010a) and the corrected one. 249 

Figure 3 indicates that a thickness of t = 4.5 m relative to the T-bar diameter of 0.5 m is not 250 

thick enough to establish the full penetration resistance in the top layer due to the influence of 251 

the bottom soft layer. For the T-bar penetration in the bottom layer, the difference between 252 
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numerical results and centrifuge test data is believed to be caused by the stiff soil plug 253 

brought down by the T-bar from the top layer. Physical evidence of trapping stronger soil at 254 

the base of the advancing T-bar or ball penetrometer was reported by Lee (2009) and Wang et 255 

al. (2016, personal communications), showing that a plug from the upper strong (sand or stiff 256 

clay) layer was brought down by the penetrometer into the lower soft clay layer. The T-bar 257 

bearing pressure profiles from numerical analyses using corrected undrained shear strengths, 258 

by contrast, agree well with the centrifuge test data. The apparent discrepancy at shallow 259 

penetration depths (prior to the peak) between the measured and computed profiles even using 260 

the corrected shear strengths is believed to be due to the following fact. In centrifuge tests, 261 

preconsolidated soil samples started to swell immediately after taking off the consolidation 262 

pressure. Absorption of water and softening of clay near the free surface occurred during 263 

centrifuge spinning (Hossain and Randolph 2010a), leading to lower strength at shallow 264 

depths. In LDFE analyses, a uniform strength was considered for the top layer. This 265 

simplification did not influence corresponding spudcan penetration resistance, as can be seen 266 

in Figure 4.    267 

Spudcan penetration analyses were then performed for tests E2UNU-I-T 3 and E2UNU-II-T 5 268 

using the corrected undrained shear strengths. Figure 4 compares the experimental and 269 

numerical results. The computed penetration resistance profiles agree reasonably well with 270 

the measured data, confirming the correctness of using the corrected values of undrained 271 

shear strength. Therefore, for centrifuge test data, the corrected undrained shear strengths 272 

were used to propose the new design approach. All the corrected undrained shear strengths are 273 

listed in Table 1. 274 

 275 
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RESULTS AND DISCUSSION 276 

The load-penetration responses are presented in terms of the normalised net bearing pressure, 277 

qnet/sub0, as a function of the normalised penetration depth, (d – t)/D, with qnet calculated as  278 

[3]    net

P V
q γ

A A
   279 

where P is the total penetration resistance, and V is the volume of the embedded spudcan 280 

including shaft.  281 

The soil failure mechanisms and hence the penetration resistance profiles of spudcan 282 

foundation on stiff-over-soft clays are affected by a number of factors, including the strength 283 

ratio subs/sut, the thickness of the top layer relative to the spudcan diameter t/D, and the 284 

strength non-homogeneity factor of the bottom layer kD/subs. The effects of these factors on 285 

the depth dp and value qpeak of the peak resistance in the top layer and the bearing capacity 286 

factors in the bottom layer are briefly discussed below. This will lead to the development of 287 

the new design approach. 288 

Effect of Strength Ratio subs/sut 289 

To investigate the effect of the strength ratio subs/sut on the penetration resistance profile, 290 

Figure 5 is plotted for strength ratio subs/sut = 0.25, 0.3, 0.4, 0.5 and 0.75 with t/D = 0.75, 291 

subs/D = 0.31, and kD/subs = 0.5 (Group II, Table 2). It can be seen that the normalised 292 

distance of peak resistance from the layer interface, (d-t)/D, changes from -0.58 to -0.03 or the 293 

normalised depth from the mudline, dp/D, increases from 0.17 to 0.72 with increasing subs/sut 294 

from 0.25 to 0.75.  295 

The load-penetration response in the bottom layer is also affected by subs/sut. The normalised 296 

resistance close to the interface is higher for a lower strength ratio. This discrepancy 297 
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diminishes gradually as the spudcan penetrates deeper. This is caused by the soil plug carried 298 

down by the advancing spudcan from the stiff layer and corresponding additional resistance. 299 

A lower strength ratio enables a thicker soil plug to be forced down (see insets in Figure 5). 300 

This is because, while the spudcan penetrates in the top layer, lower strength ratio attracts 301 

penetration mechanism into the bottom soft layer and allows for triggering the punch-through 302 

failure earlier or at a shallow penetration depth (see Figure 5), leading to a thicker and 303 

stronger soil plug trapped at the base of the advancing spudcan. The soil plug height 304 

diminishes gradually with the initiation of soil backflow and the increasing strength in the 305 

bottom layer. 306 

Effect of Thickness Ratio t/D 307 

The penetration resistance profiles from analyses of t/D = 0.25, 0.5, 0.75 and 1.0 are plotted in 308 

Figures 6a and 6b for subs/sut = 0.25 and 0.5, respectively, with subs/D = 0.31 and kD/subs = 0 309 

(Group III, Table 2). As t/D increases, the normalised peak resistance depth dp/D becomes 310 

deeper, which is more profound for higher subs/sut. For subs/sut = 0.25, dp/D increases from 0.12 311 

to 0.17 (Figure 6a), whereas from 0.22 to 0.48 for subs/sut = 0.5 (Figure 6b). 312 

In the bottom layer, the effect of the soil plug is more profound for subs/sut = 0.25, with thicker 313 

stiff layer leading to a higher normalised penetration resistance. In contrast, for higher 314 

strength ratio of subs/sut = 0.5, all the profiles form a unique line after (d – t)/D = ~0.6, with 315 

Ncd = qnet/sub0 = ~11.4.  316 

Effect of Strength Non-homogeneity kD/subs 317 

The effect of soil strength non-homogeneity, indicated by kD/subs, on the bearing response of 318 

spudcan is specifically examined through Figures 7a and 7b. The penetration resistance 319 

profiles are from analyses for kD/subs = 0, 0.25, 0.5 and 3.0, with identical subs/D = 0.31 and 320 
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subs/sut = 0.25, but for thickness ratios of t/D = 0.5 and 1.0, respectively (Group IV, Table 2). 321 

It can be seen that the depth of peak resistance dp/D increases as kD/subs increases. 322 

The effect of kD/subs on the bearing response in the bottom layer is significant particularly 323 

close to the layer interface. For high non-homogeneity factor of kD/subs = 3.0, the normalised 324 

penetration resistance is higher at the layer interface, but it reduces rapidly with penetration 325 

depth and finally stabilises at a depth of (d – t)/D = ~1.0. In contrast, for non-homogeneity of 326 

kD/subs = 0, the normalised penetration resistance is lower over the early penetration in the 327 

bottom layer. However, the profile reduces at a lower rate, due to the presence of the soil plug 328 

that diminishes slower (see insets in Figure 7), leading to higher normalised penetration 329 

resistance over deep penetration. 330 

Effect of Sensitivity St 331 

The above parametric study was undertaken for a consistent value of sensitivity, St = 2.8 for 332 

both top and bottom layers. In order to examine the effect of sensitivity on the penetration 333 

resistance, additional analyses were carried out with St = 1 (rate-dependent soil without strain 334 

softening) and 5 for a representative case (subs/sut = 0.5, t/D = 1.0, kD/subs = 0.5 and subs/D = 335 

0.31, Group V, Table 2).  336 

The penetration resistance profiles for different sensitivities are plotted in Figure 8, with all 337 

the other soil parameters in Equation 2 unchanged. As St increases from 1 to the practical 338 

value of 2.8, the depth and value of the peak resistance is considerably affected. The values of 339 

dp/D and qpeak/subs decrease from 1.0 to 0.58 and from 19.2 to 16.2, respectively, whereas the 340 

penetration resistance in the bottom layer is reduced by ~25%. This is close to the suggestion 341 

by Menzies and Roper (2008) and Hossain et al. (2014) who recommended a 20% reduction 342 

to be applied to the numerical modelling results of spudcan penetration in single-layer non-343 

softening and rate-independent clay. With further increase of St from 2.8 to 5, the depth and 344 
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value of the peak resistance decrease marginally, while the deep penetration resistance is 345 

reduced further by ~10%. Note, the presented results are from analyses considering typical 346 

rate parameter  = 0.1 and softening parameter 95 = 12 for circular spudcan foundations 347 

(Low et al. 2008; Hossain and Randolph 2009a). An equivalent normalised resistance or 348 

bearing capacity factor for other combinations of  and 95 may be obtained using Figure 8 of 349 

Hossain and Randolph (2009a). Through sensitivity analyses, Hossain and Randolph (2009a) 350 

quantified the influences of  and 95.  351 

 352 

NEW DESIGN APPROACH 353 

Based on the results from centrifuge tests reported by Hossain and Randolph (2010a), as 354 

tabulated in Table 1, and LDFE analyses in this study (Groups II~IV, Table 2), design 355 

formulas are developed for predicting the penetration resistance profile of spudcan in stiff-356 

over-soft clay deposit. The new design approach aims to predict the position and magnitude 357 

of the peak resistance (dp, qpeak) in the top layer, the bearing capacity at the stiff-soft layer 358 

interface (dint, qint), and the deep bearing capacity factor Ncd. For the prediction of qpeak, two 359 

design methods are proposed, including the semi-empirical method and the improved ISO 360 

method. 361 

Peak Resistance 362 

Depth of peak resistance dp 363 

According to the previous discussion, the depth of peak resistance relative to the spudcan 364 

diameter, dp/D, varies as a function of normalised parameters, subs/sut, t/D and kD/subs. The 365 

trend is shown in Figure 9 plotting the values from centrifuge tests and parametric study, 366 

which can be expressed as 367 
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[4]    
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 368 

Once dp/D is determined, the corresponding penetration resistance at the peak can be 369 

calculated using either the semi-empirical method or the improved ISO method, as introduced 370 

below. Note, for layered clay deposits with uniform bottom (soft) layer (k = 0), Equation 4 371 

indicates that dp/t depends only on strength ratio subs/sut, i.e. independent of spudcan diameter, 372 

which is confirmed by Figure 6.    373 

Magnitude of peak resistance qpeak 374 

Semi-empirical method 375 

Figure 10a shows the relation between the normalised net peak resistance qpeak/subs plotted on 376 

the vertical axis, and a correlation expression plotted on the horizontal axis. The values 377 

measured in centrifuge tests are in good agreement with the LDFE results, and interestingly 378 

all the data show a unique trend, which may be expressed as 379 

[5]    

0.771 0.50.75
peak ubs nets

ubs ut ubs ubs

q s qt kD
6.35 5 1

s s D s s

             
      

 380 

where qnets is the net penetration resistance at the top of the stiff layer calculated using the ISO 381 

method (Equation 1). The relationship between Equation 5 and values of qpeak/subs obtained 382 

from centrifuge tests and numerical analyses is shown in Figure 10a, while Figure 10b shows 383 

that the design formula predicts the peak resistance mostly within an error of 10%. 384 

Improved ISO method 385 

The ISO method for punch-through is given in Equation 1. The corresponding punch-through 386 

model is shown in Figure 11, with the base of stiff soil plug fixed at the stiff-soft layer 387 
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interface and hence without considering the soil plug in the soft clay. The 1st term of Equation 388 

1 represents the shear resistance along the shear planes in the stiff layer, while the 2nd term 389 

calculates the end bearing capacity for a fictitious footing at the layer interface assuming a 390 

general shear failure. 391 

The improvement of the ISO method is proposed as follows. The depth of punch-through is 392 

assumed as identical to dp obtained from Equation 4. The penetration resistance at peak, 393 

Qv,peak, is then calculated for all cases (Tables 1 and 2) using Equation 1 with d = dp but 394 

adding a plug (of height T) in the bottom layer and shifting the fictitious footing position to 395 

the base of the added plug, as illustrated in Figure 11. A factor of 0.75 is applied to the shear 396 

resistance around the periphery of the cylindrical soil plug in the bottom layer to be consistent 397 

with the calculation in the top layer using the ISO method (see Equation 1). Adding the 398 

bearing resistance provided by the soil plug in the soft layer (4.2Tsubs/D: 3Tsubs/D from the 399 

shear resistance around the plug and 1.2Tsubs/D from the end bearing capacity; see Figure 11) 400 

to Equation 1, the improved punch-through criterion for spudcan penetration in uniform stiff-401 

over-soft clay deposit (sub = subs) can be expressed as 402 

[6]    int
v,peak ut ub 0 ubs

dT T '
Q A 3 s Min 6 1 0.2 ,9.0 s p 4.2 s

D D D

              
 403 

To keep a simple form of the formula, Equation 6 is also used to predict the peak resistance 404 

for spudcan penetration in uniform-over-non-uniform deposit (i.e. k > 0), taking sub in 405 

Equation 6 as the average strength over the depth of D/2 below the layer interface. Calibration 406 

of the calculated values of Qv,peak against the measured and computed data provides the values 407 

for the equivalent soil plug thickness T. All the normalised values of T/t are plotted in Figure 408 

12a with the approximation given as 409 
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[7]    
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 for kD/subs ≤ 3 410 

It can be seen in Figure 12b that the proposed method predicts qpeak within an error of 10% 411 

for all cases except one centrifuge test with low peak resistance. 412 

The third bracketed term in Equation 7 increases with increasing bottom layer non-413 

homogeneity kD/subs for kD/subs ≤ 1.5. This is because higher shear resistance and end bearing 414 

capacity are mobilised by the stiff soil plug in the lower layer non-uniform clay for higher 415 

kD/subs, leading to a higher value of equivalent soil plug thickness T which implicitly 416 

includes these effects (as subs is used in Equation 6). The term starts to decrease with 417 

increasing kD/subs for kD/subs > 1.5. This is because higher kD/subs reduces the potential for 418 

punch-through significantly, and hence the thickness of the stiff soil plug carried down into 419 

the bottom layer. The higher non-homogeneity or shear strength gradient would also lead to 420 

an overestimate for the empirical value of sub in Equation 6, which is taken as the average 421 

shear strength over a depth of D/2 below the layer interface. These effects are found to be 422 

coupled with the thickness ratio t/D of the stiff clay layer. Therefore, higher value of kD/subs 423 

may lead to an unsafe prediction of penetration resistance using Equation 7 and it is suggested 424 

that the design formula is applicable to the range of kD/subs ≤ 3 explored in this study (see 425 

Table 2). 426 

The improved ISO method explicitly considers the effect of the soil plug pushed into the 427 

underlying layer in the calculation of the bearing capacity at punch-through. The method 428 

modifies the original formula without changing the framework of bearing capacity calculation 429 

recommended by ISO standard 19905-1 (ISO 2012).  430 
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Resistance at Layer Interface qint 431 

The severity of punch-through failure or the degree of reduction of bearing capacity can be 432 

indicated by connecting the points of spudcan resistances at punch-through (dp, qpeak) and at 433 

upper-lower layer interface (dint, qint). As such, the normalised bearing capacities, qint/subs, at 434 

the upper-lower layer interface, from centrifuge tests and numerical analyses are plotted in 435 

Figure 13, which is best fitted by 436 

[8]    

0.850.5 0.250.25
peakint ubs

ubs ut ubs ubs

qq s t kD
10.2 1

s s D s s

            
      

 437 

Deep Bearing Capacity Factor Ncd 438 

For spudcan penetration resistance in the bottom layer, a simplified single layer approach is 439 

used, which implicitly incorporates the effect of the soil plug and corresponding additional 440 

resistance in the deep bearing capacity factor Ncd. To explore the value of Ncd, all profiles of 441 

qnet/sub0 as a function of (d  t)/D from numerical analyses and centrifuge tests are plotted in 442 

Figure 14 with a lower bound of 9.8 and an upper bound of 15.5. The corresponding stabilised 443 

values of Ncd are plotted in Figure 15, with the best fit linear line expressed as 444 

[9]    

1 10.5

ubs
cd

ut ubs

s t kD
N 9.8 1.3 Min ,1.0 1

s D s

             
      

 445 

For the range of soil properties and layer geometries explored in this study, Equation 9 446 

predicts the value of Ncd mostly within an error of  1.0. It should be noted that, in Equations 447 

4, 5, 7, 8 and 9, exponents for (subs/sut), (t/D), and (1 + kD/subs) are different according to their 448 

degree and type (direct or inverse) of influence.    449 
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Summary of the Proposed Assessment Procedure 450 

The assessment procedure for practical application is summarised as follows. The first step is 451 

to predict the depth of peak resistance dp in the top layer using Equation 4, and corresponding 452 

peak resistance qpeak using Equation 5 according to the semi-empirical method or Qv,peak using 453 

Equation 6 combined with Equation 7 according to the improved ISO method. The total 454 

vertical reaction Ppeak at d = dp then can be calculated by adding the buoyancy V to Aqpeak, 455 

or by adding the buoyancy V to Qv,peak and then deducting the weight of the backfill soil 456 

above the spudcan. Once Ppeak is determined, the potential for punch-through is assessed by 457 

comparing Ppeak with the intended preload Vp. If Ppeak ≤ Vp, punch-through failure would not 458 

occur and the spudcan would rest at a depth ≤ dp (although in practice, a safety factor should 459 

be applied e.g. Vp ≤ ~0.75Ppeak). Otherwise, estimate the penetration resistances at the layer 460 

interface, (Aqint + V), and in the bottom layer, (ANcdsub0 + V), with qint and Ncd calculated 461 

using Equations 8 and 9, respectively, and determine the punch-through distance hP-T. The 462 

final spudcan-resting depth is determined by comparing (ANcdsub0 + V) with Vp. 463 

If a complete penetration resistance profile is required, straight lines can be used to connect 464 

the penetration resistances at the surface of the stiff layer, at d = dp and at d = dint, and the 465 

penetration resistance profile in the bottom layer (see Figure 16). The bearing capacity at the 466 

surface of the stiff layer can be calculated using Equation 1.  467 

The proposed design approach generally applies to stiff-over-soft clay deposits with a 468 

practical range of soil parameters and sensitivity of around 2.8. For spudcan penetration in 469 

highly sensitive clay deposits, the depth and value of the peak resistance in the top layer and 470 

the penetration resistance in the bottom layer will be lower. 471 

  472 
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APPLICATION 473 

As shown in Figure 16, the proposed methods are used to predict the data from centrifuge 474 

tests E1UU-I-T 3 and E2UNU-II-T 5 in Table 1. The predictions from the ISO, Edwards-Potts 475 

and Dean methods are also included in the figure for comparison. As the ISO and Edwards-476 

Potts methods are proposed for uniform clays, the strength of the bottom layer non-uniform 477 

clay is taken as the average over the depth of D/2 below the layer interface. For the 478 

application of the Dean method, adjustment coefficients from Hossain and Randolph (2011) 479 

for uniform-over-non-uniform clay profiles are used. 480 

Figure 16 shows that the depth of peak resistance dp predicted by Equation 4 is with an error < 481 

0.2D, while the other methods indicate the peak resistance at the top surface of the stiff layer. 482 

Compared with the centrifuge test data, the corresponding peak resistances from the semi-483 

empirical method and improved ISO method are, respectively, 5.6 and 5.8% higher for test 484 

E1UU-I-T 3, and 0.5% lower and 2.3% higher for test E2UNU-II-T 5. In contrast, those from 485 

the ISO, Edwards-Potts and Dean methods are, respectively, 13.5 and 13.4% lower and 0.3% 486 

higher than the centrifuge test data for test E1UU-I-T 3, and 21.1, 0.7 and 6.6% lower for test 487 

E2UNU-II-T 5. The magnitude of the peak resistance is better predicted by the proposed 488 

methods due to the fact that the methods were proposed based on the experimental and 489 

numerical studies of continuous spudcan penetration, and the contribution from the soil plug 490 

in the bottom layer to the bearing capacity is considered.  491 

For penetration resistance in the bottom layer, the bearing capacity factors for circular footing 492 

on single-layer uniform clay reported by Skempton (1951) are recommended by ISO (2012) 493 

without considering the effect of the trapped soil plug. In the calculation for non-uniform clay, 494 

the average strength over a depth of D/2 below the spudcan base is considered. It can be seen 495 

in Figure 16 that for test E1UU-I-T 3, the deep penetration resistance predicted by the ISO 496 
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method is approximately 20.5% lower than the centrifuge test, while the prediction from the 497 

proposed approach is very close to the centrifuge test data. For test E2UNU-II-T 5, the 498 

proposed approach agrees well with the centrifuge test data with an underestimate of about 499 

4%, while the penetration resistance profile from the ISO method is overall ~15% lower. 500 

For intended preload that exceeds the peak resistance, the punch-through distances from 501 

centrifuge tests are hP-T = ~0.31D and ~1.55D for tests E1UU-I-T 3 and E2UNU-II-T 5, 502 

respectively. The ISO, Edwards-Potts and Dean methods that predict the bearing capacity 503 

profile in the top layer, combined with the Skempton’s (1951) method for the calculation of 504 

the bottom layer, result in punch-through distances hP-T = ~0.94D, ~0.94D and ~1.56D 505 

respectively for test E1UU-I-T 3, and hP-T = ~1.68D, ~2.24D and ~2.08D for test E2UNU-II-506 

T 5. In contrast, the punch-through distances indicated by the proposed semi-empirical 507 

method and improved ISO method are both ~0.29D for test E1UU-I-T 3, and respectively 508 

~1.76D and ~1.83D for test E2UNU-II-T 5.  509 

 510 

CONCLUSIONS  511 

This paper has reported LDFE analyses of spudcan penetration in stiff-over-soft clay deposits 512 

with the effect of strain softening and rate dependency of the undrained shear strength 513 

accounted for. The existing data from centrifuge model tests were accumulated, with the 514 

effect of the underlying soft clay layer on the T-bar penetration resistance not understood at 515 

that stage (i.e. the effect of layering neglected) now rectified. The re-calibration exercise of 516 

strengths measured in centrifuge model tests using a T-bar penetrometer (along with a deep 517 

bearing capacity factor) in stiff-over-soft clays has suggested that adjustments are required to 518 

apply to take into account the effect of layering unless a recent approach is adopted assessing 519 

the strength of each layer separately through testing on single layer deposit. 520 
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Based on the centrifuge test data and LDFE results, a simple design approach was proposed 521 

for predicting spudcan penetration in stiff-over-soft clay deposits. This approach provides 522 

estimates of (a) the peak penetration resistance and its depth in the top stiff clay layer, (b) the 523 

resistance at the stiff-soft layer interface, and (c) the penetration resistance profile in the 524 

bottom soft layer. An improvement to the design formula suggested by ISO for punch-through 525 

was proposed to predict the peak penetration resistance in the stiff layer. Comparison between 526 

the predictions using the ISO method, recently developed methods and the proposed approach, 527 

and measured data from centrifuge tests demonstrated the improvement by the proposed 528 

approach. For assessing spudcan penetration resistance in stiff-over-soft clay as part of a 529 

multi-layer soil profile, it is recommended that the proposed approach should be used with 530 

caution. This is because the presence of another layer above or below the stiff-over-soft clay 531 

will affect the mobilised soil failure mechanisms and the soil plug thickness trapped at the 532 

base of the advancing spudcan, and hence the penetration resistance profile. 533 

 534 
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LIST OF SYMBOLS 673 

A   spudcan plan area at largest section 674 

D   spudcan diameter at largest section   675 

d  penetration depth of spudcan base (lowest point at largest section)  676 

dint   depth of stiff-soft layer interface 677 

dp   depth of peak penetration resistance in top layer soil 678 

E   Young’s modulus 679 

Hcav   open cavity depth after spudcan installation  680 

hP-T   punch-through distance 681 

k   rate of increase of shear strength within bottom layer  682 

Ncd   deep bearing capacity factor in the bottom layer soil  683 

P   total penetration resistance of spudcan 684 

p0    effective overburden pressure of soils 685 

Ppeak   total penetration resistance of spudcan at peak 686 

qnet   net bearing pressure 687 

qpeak   net bearing pressure at peak in top layer soil 688 

qu   total bearing pressure 689 

Qv   penetration resistance of spudcan with an open cavity 690 

Qv,peak  penetration resistance of spudcan at peak with an open cavity 691 
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St   soil sensitivity 692 

su   intact undrained shear strength of soil 693 

sub    intact undrained shear strength of bottom layer soil 694 

sub0    intact local undrained shear strength at spudcan base level in bottom layer 695 

subs    intact undrained shear strength of bottom layer soil at layer interface 696 

suc   current undrained shear strength considering strain softening and rate effects 697 

sut    intact undrained shear strength of top layer soil 698 

t   thickness of top layer soil 699 

T   thickness of top layer soil between spudcan base and initial layer interface 700 

T   equivalent thickness of soil plug (top layer soil) in bottom layer 701 

V   volume of embedded spudcan foundation including shaft 702 

Vp   intended full preload on spudcan foundation 703 

z   depth below soil surface 704 

   accumulated absolute plastic shear strain 705 

   rate parameter 706 

   effective unit weight of soil 707 

    maximum shear strain rate 708 

ref    reference shear strain rate at which su is assessed 709 

b   effective unit weight of bottom layer soil  710 
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t   effective unit weight of top layer soil 711 

95   softening parameter  712 

rem   remoulded ratio (inverse of sensitivity) 713 
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No. of Table: 2 714 

Table 1. Summary of centrifuge tests with corrected undrained shear strengths 715 

Table 2. Summary of LDFE analyses performed for spudcan penetration 716 

  717 
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Table 1. Summary of centrifuge tests with corrected undrained shear strengths 718 

Specimen Test 
D: m 

prototype 
t: m t/D 

t(avg): 
kN/m3 

b(avg): 
kN/m3 

sut: 
kPa 

subs: 
kPa 

k: 
kPa
/m 

E
ve

nt
 –

 1
 (

E
1U

U
) 

I 

T 1 6 

1.5 

0.25 

7.2 7 

14 
(12.3)# 

10 
(11) # 

0.26
T 2 6 0.25 

T 3 3 0.5 
12 

(10.2) # 
8.5 

(9.35) # 
0.37

II 

T 4 6 

4.5 

0.75 

7.35 7.15 

21.3 
(20.3) # 

11 
(13) # 

0 
T 5 6 0.75 

T 6 3 1.5 
17 

(16.6) # 
11.2 

(12.5) # 
0 

III 

T 7 6 

6 

1 

7.5 7.3 

20 
(20) # 

11 
(12.3) # 

0 
T 8 6 1 

T 9 3 2 
15 

(15) # 
11 

(11.7) # 
0 

IV 

T 10 6 

7.5 

1.25 

7.5 7.3 

20 
(20) # 

12.2 
(13.6) # 

0 
T 11 6 1.25 

T 12 3 2.5 
17.5 

(17.5) # 
11.4 

(12.7) # 
0 

E
ve

nt
 –

 2
 (

E
2U

U
) 

I 

T 1 6 

1.5 

0.25 

8.0 7.35 

34 
(26) # 

11 
(13.7) # 

0 
T 2 6 0.25 

T 3 3 0.5 
23.8 

(18.3) # 
11.6 

(13.7) # 
0 

II 

T 4 6 

4.5 

0.75 

8.03 7.43 

41 
(38.3) # 

9 
(11) # 

0 
T 5 6 0.75 

T 6 3 1.5 
25.5 

(24.2) # 
9.9 

(12.4) # 
0 

III 

T 7 6 

6 

1 

8.11 7.5 

42.7 
(42.7) # 

12.1 
(13.5) # 

0 
T 8 6 1 

T 9 3 2 
26.6 

(26.6) # 
12.3 

(13.7) # 
0 

IV 

T 10 6 

7.5 

1.25 

8.13 7.75 

47.3 
(47.3) # 

14 
(14.7) # 

0 
T 11 6 1.25 

T 12 3 2.5 
27.5 

(27.5) # 
15.3 
(17) # 

0 
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Specimen Test 
D: m 

prototype 
t: m t/D 

t(avg): 
kN/m3 

b(avg): 
kN/m3 

sut: 
kPa 

subs: 
kPa 

k: 
kPa
/m 

E
ve

nt
 –

 1
 (

E
1U

N
U

) 

I 

T 1 6 

1.5 

0.25 

7.5 7.25 

16.2 
(12.5) # 

3.6 
(5.8) # 

1.55
T 2 6 0.25 

T 3 3 0.5 
13 

(10) # 
3.8 

(5.8) # 
1.55

II 

T 4 6 

4.5 

0.75 

7.5 7.25 

21.4 
(20.5) # 

7.5 
(8.3) # 

2.6 
T 5 6 0.75 

T 6 3 1.5 
14 

(13.4) # 
7 

(8)# 
2 

E
ve

nt
 –

 2
 (

E
2U

N
U

) 

I 

T 1 6 

1.5 

0.25 

7.85 7. 2 

29.5 
(17.3) # 

3 
(3.5) # 

1.26
T 2 6 0.25 

T 3 3 0.5 
24 

(12.3) # 
2.3 

(2.5) # 
1.34

II 

T 4 6 

4.5 

0.75 

8.1 7.5 

47 
(41) # 

9.2 
(11.5) # 

1.23
T 5 6 0.75 

T 6 3 1.5 
31 

(27) # 
6.8 

(7.5) # 
1.54

# Original undrained shear strength measured using T-bar with a T-bar factor of 10.5 719 
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Table 2. Summary of LDFE analyses performed for spudcan penetration 720 

Analysis subs/sut t/D kD/subs subs/γbD St Remarks 

Group I 
0.096 0.5 1.75 0.11 2.8 

Comparison with 
centrifuge test data 
from Hossain and 
Randolph (2010a) 0.2 0.75 0.8 0.2 2.8 

Group II 0.25~0.75 0.75 0.5 0.31 2.8 

Parametric study Group III 
0.25 and 

0.5 
0.25~1.0 0 0.31 2.8 

Group IV 0.25 
0.5 and 

1.0 
0~3.0 0.31 2.8 

Group V 0.5 1.0 0.5 0.31 
1, 2.8 
and 5 

Effect of soil 
sensitivity St 

  721 
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No. of Figure: 16 722 

Figure 1. Schematic diagram of embedded spudcan foundation in stiff-over-soft clay 723 
showing idealised open cavity and corresponding penetration resistance profile 724 

Figure 2. Numerical model used in parametric study 725 

Figure 3. Comparison between experimental and numerical results of T-bar penetration 726 
in stiff-over-soft clay  727 

Figure 4. Comparison between experimental and numerical results of spudcan 728 
penetration in stiff-over-soft clay (Group I, Table 2) 729 

Figure 5. Effect of strength ratio (subs/sut) on spudcan penetration resistance (kD/subs = 730 
0.5, t/D = 0.75, subs/D = 0.31, rem = 1/St = 0.36; Group II, Table 2) 731 

Figure 6. Effect of thickness ratio (t/D) on spudcan penetration resistance (kD/subs = 0, 732 
subs/D = 0.31, rem = 1/St = 0.36; Group III, Table 2): (a) subs/sut = 0.25; (b) 733 
subs/sut = 0.5 734 

Figure 7. Effect of strength non-homogeneity (kD/subs) of underlying layer on spudcan 735 
penetration resistance (subs/sut = 0.25, subs/D = 0.31, rem = 1/St = 0.36; Group 736 
IV, Table 2): (a) t/D = 0.5; (b) t/D = 1.0 737 

Figure 8. Effect of sensitivity on spudcan penetration resistance (subs/sut = 0.5, t/D = 1.0, 738 
kD/subs = 0.5, subs/D = 0.31; Group V, Table 2) 739 

Figure 9. Design chart for normalised depth of peak resistance, dp/D 740 

Figure 10. Relationship between predicted and measured or computed data of peak 741 
resistance using semi-empirical method: (a) Design chart for normalised peak 742 
resistance, qpeak/subs; (b) Ratio between predicted and measured or computed 743 
qpeak 744 

Figure 11. Conceptual model for spudcan at punch-through in stiff-over-soft clay 745 

Figure 12. Relationship between predicted and measured or computed data of peak 746 
resistance using improved ISO method: (a) Design chart for thickness of 747 
equivalent soil plug in soft layer; (b) Ratio between predicted and measured or 748 
computed qpeak 749 

Figure 13. Design chart for normalised bearing capacity at layer interface, qint/subs 750 

Figure 14. Normalised bearing capacity profiles during spudcan penetration in bottom 751 
layer soft clay 752 

Figure 15. Design chart for deep bearing capacity factor Ncd in soft clay layer for spudcan 753 
penetration in stiff-over-soft clay 754 

Figure 16. Comparison between centrifuge test data and predicted penetration resistance 755 
profiles 756 

  757 
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 758 

Figure 1. Schematic diagram of embedded spudcan foundation in stiff-over-soft clay 759 
showing idealised open cavity and corresponding penetration resistance profile 760 

  761 
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 762 

Figure 2. Numerical model used in parametric study 763 
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  764 

Figure 3. Comparison between experimental and numerical results of T-bar penetration 765 
in stiff-over-soft clay  766 
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  767 

Figure 4. Comparison between experimental and numerical results of spudcan 768 
penetration in stiff-over-soft clay (Group I, Table 2) 769 
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  771 

Figure 5. Effect of strength ratio (subs/sut) on spudcan penetration resistance (kD/subs = 772 
0.5, t/D = 0.75, subs/D = 0.31, rem = 1/St = 0.36; Group II, Table 2) 773 

 774 
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 775 

 776 

(a) subs/sut = 0.25 777 
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  778 

(b) subs/sut = 0.5 779 

Figure 6. Effect of thickness ratio (t/D) on spudcan penetration resistance (kD/subs = 0, 780 
subs/D = 0.31, rem = 1/St = 0.36; Group III, Table 2) 781 
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 782 

 783 

(a) t/D = 0.5 784 
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 785 

(b) t/D = 1.0 786 

Figure 7. Effect of strength non-homogeneity (kD/subs) of underlying layer on spudcan 787 
penetration resistance (subs/sut = 0.25, subs/D = 0.31, rem = 1/St = 0.36; Group IV, Table 788 

2) 789 
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  790 

Figure 8. Effect of sensitivity on spudcan penetration resistance (subs/sut = 0.5, t/D = 1.0, 791 
kD/subs = 0.5, subs/D = 0.31; Group V, Table 2) 792 
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 793 

Figure 9. Design chart for normalised depth of peak resistance, dp/D 794 
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  795 

(a) Design chart for normalised peak resistance, qpeak/subs 796 
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 797 

(b) Ratio between predicted and measured or computed qpeak  798 

Figure 10. Relationship between predicted and measured or computed data of peak 799 
resistance using semi-empirical method 800 
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 801 

Figure 11. Conceptual model for spudcan at punch-through in stiff-over-soft clay 802 
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 803 

(a) Design chart for thickness of equivalent soil plug in soft layer 804 
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 805 

(b) Ratio between predicted and measured or computed qpeak 806 

Figure 12. Relationship between predicted and measured or computed data of peak 807 
resistance using improved ISO method 808 
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 811 

Figure 13. Design chart for normalised bearing capacity at layer interface, qint/subs 812 
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 814 

Figure 14. Normalised bearing capacity profiles during spudcan penetration in bottom 815 
layer soft clay 816 
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 818 

Figure 15. Design chart for deep bearing capacity factor Ncd in soft clay layer for 819 
spudcan penetration in stiff-over-soft clay 820 
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 823 

Figure 16. Comparison between centrifuge test data and predicted penetration 824 
resistance profiles 825 
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