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Abstract: Difficulties in obtaining high-quality soil samples from offshore sites and heavy 5 

involvement of lab testing and engineering judgement have necessitated increasing reliance 6 

on in situ penetrometer tests, giving continuous penetration resistance profiles. This paper 7 

reports a framework for estimating spudcan penetration resistance directly from continuous 8 

resistance profile of a full-flow penetrometer (T-bar) test in single layer clays and calcareous 9 

silts. The framework was validated chiefly against centrifuge test data, supplemented by some 10 

reported field data.  11 
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Introduction 16 

Much of offshore design in fine grained sediments hinges on a design shear strength profile, 17 

including identification of layers, which is generally based on results from laboratory or vane 18 

shear strength data, increasingly supplemented by profiles of in-situ penetrometers test. With 19 

the samples taken, various offshore or onshore laboratory tests are conducted from which 20 

shear strength data and other engineering parameters are derived. Variability in the shear 21 

strength measured from several types of tests, with potentially some degree of sampling 22 

disturbance, leads to fundamental uncertainty that may in turn lead to inaccuracies in the 23 

bearing capacity calculation process. Conversely, an in situ penetrometer test provides a 24 

continuous penetration profile, which reduces these variability and subjectivity, but 25 

interpretation of strength relies on selection of penetrometer factor. There is therefore 26 

increasing interest in prediction of offshore foundations performance directly from in situ 27 

penetrometer test results, just has been applied successfully in pile design. This paper reports 28 

a framework for estimation of spudcan penetration profile directly from T-bar test in single 29 

layer clays and silts, based on centrifuge test data, supplemented by the results from large 30 

deformation finite element (LDFE) analyses. Factors affecting this scaling of the penetration 31 

resistance for direct application in spudcan design are explored.  32 

Jack-up Rig, Spudcan Foundations and T-bar Penetrometer    33 

Most of the world’s offshore drilling in water depths up to 150 m is performed from mobile 34 

jack-up rigs. The units consist of a buoyant triangular platform supported by three 35 

independent vertically retractable K-lattice legs, each resting on a spudcan. Typically, 36 

spudcans are 10 to 20 m (equivalent area) diameter and penetrate at a rate of 0.4 to 4 m/h. 37 

Evolution of jack-up installation continues in single layer clay deposits (e.g. normally 38 

consolidated (NC), lightly overconsolidated (LOC) and heavily overconsolidated (HOC)), 39 

such as in the Gulf of Mexico, the North Sea and the Sunda Shelf (see Figure 1a) (Menzies 40 
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and Roper 2008; InSafeJIP 2010; Menzies and Lopez 2011). Progression is also occurring in 41 

calcareous sediments  prevalent in Australian waters (see Figure 1b) and in the Caspian Sea, 42 

Arabian Gulf, offshore Qatar, offshore Florida and South China Sea (Erbrich 2005; Menzies 43 

and Lopez 2011). 44 

Novel full-flow penetrometers, T-bar and ball, tests are now being used increasingly as one of 45 

the site investigation tools in soil characterisation. A T-bar typically comprises a cylinder, 40 46 

mm diameter and 250 mm long, attached at right angles to a shaft of 25 mm diameter. 47 

Penetration tests are carried out at rate of 20 mm/s. Due to mobilisation of ‘full-flow’ at 48 

shallow penetrations and very low area ratio (the cross-sectional area of the connection shaft 49 

to the projected area of the penetrometer in a plane normal to the shaft), to obtain net 50 

resistance, the measured penetration resistance requires minimal, or negligible, correction for 51 

the unequal area effect and the contribution to the T-bar resistance from the overburden stress 52 

(Randolph et al. 2007). Note, flow around mechanism is also mobilised during a spudcan 53 

penetration in clay (Hossain et al. 2006). 54 

Conventional Design Approach for Spudcan Foundations 55 

Penetration resistance of spudcan foundations is commonly assessed in the framework of 56 

bearing capacity formulations (InSafeJIP 2010; ISO 2012). This is a two-step approach in 57 

which soil strength parameters are derived from the site specific soil investigation data 58 

(comprising tests on borehole samples and in-situ penetrometer testing) for use in bearing 59 

capacity models. Penetrometer data provide a means of interpolating shear strengths, in terms 60 

of relative values, but the resistance factor relating penetration resistance to shear strength 61 

measured in an element test is generally derived for the given site by correlation. Thus the 62 

absolute value of the penetration resistance is not used directly (Randolph et al. 2007). 63 

Recently, a joint-industry project highlighted the necessity of scaling of penetrometer profiles 64 

for direct application in estimation of spudcan penetration resistance (InSafeJIP 2010). A field 65 
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penetrometer integrated with the jack-up unit is repeatedly emphasised, which will provide 66 

on-board penetration profiles prior to the jack-up installation (Quah et al. 2008). 67 

 68 

T-Bar to Spudcan Direct Design Approach Framework 69 

Hossain et al. (2006, 2014) and Hossain and Randolph (2009a) investigated spudcan 70 

penetration in clay through an extensive series of centrifuge model tests and LDFE analyses. 71 

In single layer clay, the observed soil flow patterns revealed three distinct mechanisms of soil 72 

flow around the advancing spudcan: (1) shallow failure with outward and upward flow 73 

leading to surface heave and formation of a cavity above the spudcan (Figure 2a); (2) gradual 74 

backflow into the cavity (Figure 2b); and (3) deep failure with fully localised flow around the 75 

embedded spudcan and unchanged cavity (Figure 2c). The continual backflow gradually 76 

provides a seal above the spudcan and limits the cavity depth (HcavS). When the spudcan 77 

reaches a deep penetration depth (HdS), a fully localised failure mechanism is attained. 78 

Hossain and Randolph (2009a) and Hossain et al. (2014) proposed a new design chart along 79 

with robust expressions to estimate these two critical depths for the penetrating spudcan as 80 
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where sum is the intact (undisturbed) soil strength at the seabed (mudline) and k is the rate of 83 

increase in strength (su) with depth.  Penetration depth d  HcavS corresponds to mobilization 84 

of shallow failure mechanisms associated with shallow bearing capacity factor, NSs; while d > 85 

HcavS relates to mobilization of deep failure mechanisms associated with deep bearing 86 

capacity factor NSd (where suffixes S, d and s indicate spudcan, deep and shallow 87 
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respectively). The limiting deep bearing capacity factor is attained at penetration depth d > 88 

HdS.   89 

For estimating the deep penetration depth for the T-bar penetrating clay (HdT), White et al. 90 

(2010) suggested an expression as    91 
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The terms are defined under the notation section. For Equations 1, 3 and others, careful 93 

consideration should be given to an appropriate choice of shear strength. Based on the soil 94 

failure mechanism, the shear strength should be that representative of the average shear 95 

strength measured in triaxial compression, simple shear, and triaxial extension. 96 

At shallow penetration, less than the limiting cavity depth (d  HcavS), the vertical bearing 97 

capacity, QS, for spudcans can be calculated as (Hossain and Randolph 2009a; ISO 2012) 98 

 SbSSSsuS γ VdAANsQ      for d ≤ HcavS      (4) 99 

For d  HcavS, the vertical bearing capacity, QS, can be calculated according to (Hossain and 100 

Randolph 2009a; Hossain et al. 2014) 101 

SSSduS γ VANsQ                         (5) 102 

VSb and VS are the buried spudcan volumes in soil, as depicted in Figure 4 of Hossain et al. 103 

(2014). Shallow bearing capacity factor NSs for on-homogeneous fine grained soil expressed 104 

as   105 
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where NSs0 is the bearing capacity factor for uniform clay, given by  107 
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And deep bearing capacity factor NSd as 109 

3.11065.0101 Sdl
S

Sd 







 N

D

d
N

   
(8) 110 

where NSdl is the limiting deep bearing capacity factor. White et al. (2010) proposed a similar 111 

expression for T-bar penetration in uniform clay  112 
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(9) 113 

where suffix T indicates T-bar. Note, as the T-bar penetration resistance is directly scaled, the 114 

undrained shear strength is unknown. Furthermore for soft fine grained soils, penetration 115 

resistance at shallow depth is not critical. Nevertheless, for calculating HcavS, HdT and shallow 116 

bearing capacity factors, NSs and NTs, a profile of undrained shear strength can be deduced by 117 

using NTd = NTdl = 11.87 (as discussed later).    118 

For predicting spudcan penetration profile directly from the T-bar penetrometer data in single 119 

layer clay and calcareous silt, a design framework is proposed rearranging Equations 4 and 5 120 

adding some adjustment factors as   121 
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where qT is the bearing pressure from T-bar penetration test, FD is the drainage correction 126 

factor, NS,ideal and NT,ideal are respectively the bearing capacity factors of spudcan and T-bar 127 

for ideal non-softening, rate independent soil, and FRS is the relative viscous rate and 128 

softening effect adjustment factor.  129 

The proposed concept is consistent with the ones proposed by Erbrich (2005) and Randolph et 130 

al. (2007). All the correction factors in Equations 10 and 11 are to adjust T-bar behaviours to 131 

spudcan behaviours. These factors have been outlined in details below mainly in the context 132 

of deep penetration (Equation 11) as in soft fine grained soils spudcans penetrate 2~5 133 

diameters during the preloading stage (Menzies and Roper 2008; Menzies and Lopez 2011). 134 

Effect of Partial Drainage: FD 135 

From the theoretical framework of Finnie and Randolph (1994), House et al. (2001), 136 

Randolph and Hope (2004) and Chung et al. (2006), the non-dimensional critical parameter 137 

that determines the degree of drainage and the effect of consolidation under a penetrating 138 

object is  139 

v

e

c

vD
V                                                                                                                                   (12)  140 

where v is the penetration velocity, cv the coefficient of consolidation of the soil and De the 141 

(projected area) equivalent diameter of the object. Using of an equivalent diameter for 142 

assessing drainage conditions (or consolidation rate) is suggested by Chung et al. (2006).  143 

Figure 3 plots the backbone curves for T-bar and spudcans in clay and calcareous silt. For T-144 

bar in kaolin clay, backbone curves with an expression were proposed by Watson and 145 

Suemasa (unpublished data, 2000) without accounting for viscous rate effect and by Randolph 146 
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and Hope (2004) with and without viscous rate effect in the partially drained region. Similar 147 

expressions can be derived based on the results presented by Cassidy (2012) and Finnie and 148 

Randolph (1994) for T-bar and spudcan (precisely flat footing and cone for Finnie and 149 

Randolph) in calcareous silt and by Barbosa-Cruz (2007) for spudcan in kaolin clay as 150 

(excluding rate effect)  151 

m
undrained 1 Vc

b
a

q

q


                                                                                                         (13)  152 

where a is the normalised bearing pressure in the undrained region (qundrained), and as 153 

normalisation on the left side is carried out by qundrained, a = 1. As V approaches zero, a 154 

drained response is attained with a value of a + b. Parameters c and m indicate the stiffness of 155 

the curve or in another word breadth of the transition from undrained to drained zone. The 156 

values of parameters b, c, m for T-bar and spudcan penetration in kaolin clay and calcareous 157 

silt are given in Table 1.  158 

It is suggested to use Cassidy (2012)’s curves for spudcan and T-bar penetration in calcareous 159 

silt and Randolph and Hope (2004)’s curve (excluding viscous rate effect) for T-bar and 160 

Barbosa-Cruz (2007)’s curve for spudcan penetration in clay. The corresponding correction 161 

factors FDS and FDT to be used in Equation 13 can be calculated depending on V for T-bar and 162 

spudcan respectively. If for both objects V  30, i.e. they lie in the undrained region, FDS = 163 

FDT = 1. For calcareous silt, if V = 0.8 for T-bar and V > 30 for spudcan, the corresponding 164 

FDT = 4 and FDS = 1. It should be noted however, the results presented by Cassidy (2012) are 165 

for a particular type calcareous silt and for centrifuge T-bar to spudcan effective diameter 166 

ratio of 5.3. Further investigations are required for variable silt properties and for offshore T-167 

bar to spudcan effective diameter ratio of 88~177 to make the corresponding curve and 168 

expression robust.              169 
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Strain Rate and Softening Effect: FRS  170 

In the undrained regime, the influence of the rate of loading on the undrained shear strength 171 

(and hence the penetration resistance) dominate the behaviour of a penetrating object. Most 172 

soils exhibit some viscous rate effect, which leads to higher undrained strengths for higher 173 

applied strain rates. This effect is commonly evaluated using a semi-logarithmic function (or 174 

power law relationship) as 175 
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where su, su,ref are the undrained shear strength at strain rates of ξ , refξ and q, qref are the 178 

penetration resistance at penetration rates of v, vref respectively. The parameter  is the rate of 179 

increase in shear strength (or penetration resistance) per log cycle increase in strain rate. Note 180 

that the physical diameter D, rather than De, is used in the viscous part since v/D determines 181 

the average strain rate ( ξ ). Based on the results from field and centrifuge tests on normal 182 

clays, Chung et al. (2006), Low et al. (2008) and Hossain et al. (2014) reported  = 0.15~0.21 183 

for T-bar and a lower value of 0.1~0.12 for ball and ~0.1 for spudcan. The values for ball and 184 

spudcan are similar due to geometric resemblance – both are circular, axisymmetric and flow-185 

around objects. Lower rate dependency of ball penetrometer is also evident from Figure 4, 186 

which shows a higher value of 0.32 (for T-bar) and 0.16 (for ball) for kaolin clay (Lehane et 187 

al. 2009). For T-bar penetration in the North-West Shelf calcareous clay,  = 0.1 and for silt, 188 

a much lower value of 0.03 was measured by Erbrich (2005).   189 
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Fine-grained soils also exhibit strain softening with gradual loss of strength when subjected to 190 

large shear strains, which suppresses the effect of strain rate. The combined effect of strain 191 

rate and strain softening on the response of T-bar and spudcan was investigated through large 192 

deformation FE analysis by Zhou and Randolph (2009) and Hossain and Randolph (2009b). 193 

They proposed an approximate expression for limiting deep bearing capacity factor of T-bar, 194 

ball and spudcan respectively as  195 

       idealTd,
3.7/ξ1.5

remremTd
95δ1δμ8.41 NeN                         (16) 196 

       idealBd,
3.3/ξ1.5

remremBd
95δ1δμ8.41 NeN                         (17) 197 

       idealSdl,
4.8/ξ1.5

remremSd
95δ1δμ47.11 NeN                  (18) 198 

where NSdl,ideal = 11.3 (regardless of roughness) and rem denotes the ratio of fully remoulded 199 

to initial shear strength (i.e. the inverse of the sensitivity, St). For slightly rough (with 200 

interface roughness  = 0.2) T-bar and ball without any shaft (i.e. ratio of shaft area to 201 

penetrometer projected area, a = 0), Zhou and Randolph (2009) reported NTd,ideal = 9.95 and 202 

NBd,ideal = 12.01. Recently, Zhou and Randolph (2011) and Zhou et al. (2013) investigated the 203 

effect of shaft on resistance of a penetrometer and proposed an adjustment factor as a function 204 

of area ratio a. An according adjustment gives NTd,ideal = 9.5 (centrifuge T-bar with a = 0.16), 205 

9.8 (field T-bar with a = 0.05) and NBd,ideal = 11.5 (centrifuge ball with a = 0.25), 11.2 (field 206 

ball with a = 0.11). Although this paper focuses on T-bar and spudcan, a few centrifuge tests 207 

were carried out on ball (as discussed later) and hence equation/parameters for ball are also 208 

included. 95 represents the cumulative total absolute shear strain required for 95% 209 

remoulding, thus reflecting the relative ductility of the soil. The results for  = 0~0.2, 95 = 210 

10~15 and no-softening, rem = 0.2~0.25, are shown in Figure 5.  211 
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The rate gradient RT = 4.8 for the T-bar implies that the average rate of strain experienced by 212 

soil flowing past penetrometer is some 104.8 (i.e. five orders of magnitude) greater than the 213 

reference value. This is significantly lower, and only 101.47 (RS = 1.47) i.e. 1.5 orders of 214 

magnitude greater for spudcan. For softening, the value of T = 3.7 represents an average 215 

cumulative shear strain (of 370%) experienced by soil particles as they traverse the flow 216 

mechanism around T-bar. This is slightly higher for spudcan of S = 4.8 (i.e. 480%). In 217 

essence, T-bar is highly sensitive to both strain rate and strain softening while spudcan is less 218 

sensitive to the former but has similar sensitivity to the latter, as also mapped by Randolph et 219 

al. (2007) (see Figure 6). 220 

For calculating correction factor FRS, it is suggested using Equations 16~18 neglecting the 2nd 221 

bracketed terms (as the corresponding influence is insignificant). For clay, calcareous silt and 222 

calcareous clay, rate parameter S or B = 0.12, 0, 0.05 (for spudcan or ball) and T = 0.18, 223 

0.03, 0.1 (for T-bar), respectively, may be used. The rate dependent term 4.8, 4.8, 1.47 in 224 

Equations 16~18 were obtained considering reference (vT/DT)ref = 0.5, (vB/DB)ref = 0.25, 225 

(vS/DS)ref = 3.09  10-5/s respectively. An adjustment of these coefficients is required 226 

according to the corresponding penetrating rate in the centrifuge or field. An equivalent 227 

resistance factor for other normalised penetration rates velocities may be obtained by 228 

adjusting the rate dependent term accordingly by the logarithm of the ratio of normalised 229 

penetration rates. For instance, for spudcan penetration with vS/DS = 0.0067/s, such 230 

adjustment leads to the rate dependent term of (1.47 + log (0.0067/3.09  10-5)) = 3.34.    231 

Although Equations 16~18 were developed for limiting deep bearing capacity factors, they 232 

may also be employed for shallow bearing capacity factors. The proposed framework is 233 

validated below against centrifuge test results and reported field data. 234 

 235 
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Centrifuge Tests  236 

Model spudcans and T-bar penetration tests were carried out at a gravitational acceleration of 237 

50 to 200g in the drum centrifuge at the University of Western Australia (Stewart et al. 1998). 238 

Test specimens were confined to a 258 (length)  163 (width)  160 (depth) mm strongbox 239 

that was mounted within the annular channel of the drum centrifuge (Hossain and Randolph 240 

2010). On each box, one spudcan and two T-bar tests, immediately before and after the 241 

spudcan penetration test, were performed. A 20~30 mm deep (in model scale) water layer was 242 

maintained above the soil surface during each test.  243 

Spudcan and T-bar models 244 

Model tests were performed to measure the load-penetration response using two full-spudcans 245 

of 30 and 60 mm diameter (DS = DSe = 30 and 60 mm; where suffix e indicates equivalent 246 

area; Figure 7). To reveal the soil failure mechanisms around the advancing spudcan, tests 247 

were also carried out on a half-spudcan model of 60 mm diameter. The models were made 248 

from duraluminium and included a 13 shallow conical underside profile (included angle of 249 

154) and a 76 protruding spigot. The shape was chosen similar to the spudcans of the 250 

‘Marathon LeTourneau Design, Class 82-SDC’ jack-up rig, as illustrated by Menzies and 251 

Roper (2008).  252 

The T-bar penetrometer (Stewart and Randolph 1991) is shown on the right side of Figure 7. 253 

It comprises a lightly sand-blasted cylinder, 5 mm diameter and 20 mm long (DT = 5 mm and 254 

DTe = 11.3 mm), attached to a shaft that tappers down to 4.5 mm diameter.  255 

Selection of Parameters   256 

The experimental program concentrated on simulating strength profiles from reported case 257 

histories, with similar normalised layer soil strength to the offshore cases histories reported by 258 
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Erbrich and Hefer (2002), Menzies and Roper (2008) and Menzies and Lopez (2011). Tests 259 

were carried out on reconstituted samples prepared using commercially available kaolin clay 260 

(KC). The results on calcareous clay (CC) and calcareous silt (CS15, CS20) obtained from the 261 

North-West Shelf, offshore Australia are also assembled from Watson (1999) and Cassidy 262 

(2012). The properties of the soils are given in Table 2.     263 

Table 3 provides a summary of conducted full-spudcan tests in kaolin clay. The full-spudcan 264 

(or ball) tests carried out in calcareous clay and silt are tabulated in Table 4 (Watson 1999; 265 

Cassidy 2012). A total of 14 tests were reported linking T-bar to spudcan (or ball) penetration 266 

response on single layer (a) NC kaolin clay, (b) LOC kaolin clay, (c) HOC kaolin clay, (d) 267 

NC calcareous clay, (e) LOC calcareous clay, and (f) NC calcareous silts.       268 

Preparation of Specimen  269 

Kaolin clay was used for Events KC1~KC3. A homogeneous slurry was prepared by mixing 270 

commercially available kaolin powder. For Events KC1 and KC2 (Table 3), normally 271 

consolidated clay specimens with an increasing strength profile were prepared by performing 272 

consolidation directly in the drum centrifuge. To produce LOC specimens for Event KC2, the 273 

top few mm was carefully trimmed off the specimens (Hossain et al. 2006). HOC sample for 274 

Event KC3 was prepared by consolidating kaolin slurry at 1 g in a cell. Test specimen was 275 

prepared by cutting the pre-consolidated sample according to the size of the strongbox and 276 

planned layer thickness, and then placing the layer in the strongbox (Hossain and Randolph 277 

2010). 278 

Calcareous clay samples (Events CC1 and CC2; Table 4) were prepared in a similar manner, 279 

as described by Watson (1999). For Events CS(20)1 and CS(15)2, the bulk seabed samples 280 

were dried and sieved. To replace the fines believed to have been lost during the drying 281 

process, 15~20% of the soil constituted commercially available OMYACARB (as such 282 
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referred to as ‘CS(15)’ or ‘CS(20)’). The silt, OMYACARB and silicon oil were mixed whilst 283 

being de-aired under a vacuum of 100 kPa. The slurry was then consolidated and tested in the 284 

UWA beam centrifuge (Watson 1999; Cassidy 2012).      285 

Penetration Rate   286 

All tests were carried out using displacement controlled system. For spudcan tests, a load cell 287 

fitted in between the spudcan shaft and the actuator loading arm measured load-penetration 288 

responses and for T-bar tests, the load is measured just behind the cylindrical bar. The 289 

penetration rate v, normalised velocity index V = vDe/cv (where v is the penetration velocity, 290 

De the object effective diameter and cv the consolidation coefficient) and nominal strain rate 291 

v/D for various probes are given in Table 5. These ensured undrained behaviour in the 292 

investigated soils as will be discussed later.  293 

        294 

Results  295 

Full-spudcan (or ball) coupled with T-bar tests (Tables 3 and 4) were undertaken within the 296 

body of the test specimens in order to measure the penetration resistances. The results are 297 

presented in terms of ultimate bearing pressure, qu = P/A (where P is the penetration 298 

resistance and A is the largest plan area of the object). The results are discussed below for 299 

each group of profile, focusing on establishing direct relation between spudcan and T-bar 300 

penetration resistance profiles. The soil failure mechanisms from half-spudcan tests (carried 301 

out against the window of the strongbox) will be illustrated to provide observation wherever 302 

necessary.  303 
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NC Clay (Event KC1)  304 

Three tests were carried out on NC clay (DSpe = DSp = 3 m, DTpe = 1.13 m and DTp = 0.5 m; 305 

where suffix p indicates equivalent size in prototype; Event KC1; Table 3). The tests in this 306 

event simulate the seabed sediments in the Gulf of Mexico (e.g. see Figure 1a). Figures 8a 307 

and 8b show the load-penetration responses for Tests FS1~FS3 (Table 3) as a function of 308 

(normalised) tip penetration, dt/DSpe, and LRP penetration, d/DSpe respectively. This is to show 309 

the effect of different distance of LRP from the tip of the spudcan (0.7 m = 0.23DSpe) or invert 310 

of the T-bar (0.25 m = 0.5DTp). In Figure 8a, the profiles all start from (0, 0) origin in NC 311 

clay. In Figure 8b, they lifted up by different depths (see Figure 7b), and the spudcan 312 

penetration resistances show slightly higher bearing pressure at the mudline (d/DSpe = 0; all 313 

subsequent penetration response figures have been plotted starting from this point). This 314 

disparity is mainly due to the geometric contrast between spudcan and T-bar - axisymmetric 315 

vs plane strain.   316 

NC and LOC Calcareous Clay (Event CC1 and CC2)  317 

The seabed sediments with calcareous soils are prevalent in offshore Australia, the Arabian 318 

Gulf and Caspian Sea and in some regions of the Gulf of Mexico and South China Sea (e.g. 319 

see Figure 1b). In absence of spudcan penetration data in calcareous clay, the load-penetration 320 

responses from ball and T-bar penetration tests are plotted in Figure 9 (Tests B1 and B2, 321 

Event CC1 and CC2; Table 4). 322 

NC Calcareous Silt (Event CS(20)1 and CS(15)2)  323 

In calcareous normally consolidated silt (Event CS(20)1 and CS(15)2; Table 4), tests were 324 

carried out at various penetration rates. A spudcan of DSpe = 6 m was penetrated at rates of vS 325 

= 1 and 2 mm/s, a ball of DBpe =1.8 mm at vB = 1 mm/s and T-bar of DTpe = 1.13~1.7 at vT = 326 

1~3 mm/s. However, all rates ensured undrained behaviour in the silts, with V = vDpe/cv = 327 



 16

47.244~252.1 > 30 (see Table 5, discussed later). The results from T-bar, spudcan (after 328 

d/DSpe = ~0.3) and ball tests are shown in Figure 10. 329 

LOC Kaolin Clay (Event KC2)  330 

Figure 11 shows the results from three tests conducted at different gravity levels (and hence 331 

prototype diameters are different) in soft lightly over consolidated kaolin clay (Tests 332 

FS4~FS6, Event KC2; Table 3). These LOC deposits represent the reported case histories 333 

from different locations in the Gulf of Mexico (e.g. see Figure 1a). 334 

HOC Kaolin Clay (Event KC3)  335 

Heavily overconsolidated clay deposits are commonly encountered in the Gulf of Mexico, 336 

North Sea and Sunda Shelf (e.g. see Figure 1a). In HOC kaolin clay with a relatively higher 337 

strength at the mudline (precisely higher normalised strength, sum/DSpe; Event KC3; Table 338 

3), the (absolute) depths of soil backflow and deep localised flow were higher for the 339 

spudcans than those for the T-bar (Table 3; Equations 2 and 3; also see Figure 12b). The 340 

cavity depth above the spudcan was relatively lower and negligible in soft LOC and NC clay, 341 

respectively (see Figures 2 and 12a). The influence of different mobilised soil failure patterns 342 

can be marked in the penetration resistance profiles illustrated in Figure 13. Bearing pressure 343 

from the spudcan penetration test is ~10% lower compared to that from the T-bar test. 344 

However, the gap reduces with increasing depth and finally the profiles merge together at 345 

deep penetrations of d/DSpe > 1.2, which marks the attainment of a fully localised failure 346 

mechanism for the spudcan (see Table 3). Note, at the mudline, the spudcan bearing pressure 347 

is higher, which is consistent with the identified disparity in NC clay.  348 

 349 

 350 
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Discussion: Proposed Design Framework vs Centrifuge Test Data  351 

All necessary parameters and calculated values of FD and FRS relative to the centrifuge tests 352 

are tabulated in Table 5. 353 

NC and LOC Clays 354 

For the tests on NC and LOC clays, FDS = FDT = 1, FRSS = 1.46, FRST = 1.79, NSdl,ideal = 11.3 355 

and NTd,ideal = 9.5 (Table 5). For NC clay (Tests FS1~FS3), HcavS/DSpe = 0, HdT/DSpe = 0.05 356 

and Equation 11 gives QS/AS = qu = qt0.97 + VS/AS = qt0.97 + 2.18 kPa (Table 3). The 357 

calculated profile is in excellent agreement with measured spudcan penetration data, as typical 358 

shown in Figure 8b. Similar calculations for Tests FS4, FS6 and FS7 also result in improved 359 

predictions at both shallow and deep penetrations (see Figures 11a and 11b). 360 

HOC Clay 361 

Calculation for OC clay (Test FS8) is slightly complicated. It consists of three stages. For 362 

d/DSpe ≤ HdT/DSpe, the ratio NSs,ideal/NTs,ideal is > 1 and for HdT/DSpe ≤ d/DSpe ≤ HcavS/DSpe the 363 

ratio NSs,ideal/NTd,ideal is < 1. Finally, the ratio NSd,ideal/NTd,ideal becomes > 1 again for d/DSpe > 364 

HcavS/DSpe. Although the calculated profile shows a jump between 1st and 2nd stages in Figure 365 

13 (and hence a smoothing may be necessary), it shows good agreement with the measured 366 

profile. The jump is associated with the switching from one expression (Equation 10b) to the 367 

other (Equation 10c).   368 

Calcareous Clay   369 

For the tests on calcareous clay (Tests B1 and B2), FDB and FDT can be assumed as 1 although 370 

no relevant data is available. FRSB = 1.22, FRST = 1.44, NBd,ideal = 11.5 and NTd,ideal = 9.5 (Table 371 

5). For NC clay (Test B1) with negligible depth required for attaining a deep failure 372 

mechanism, these give a ratio of (FRSBNBd,ideal)/(FRSTNTd,ideal) = 1.026. The predicted profiles 373 
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as included in Figure 9 are consistent with the measured ones. Note, for LOC clay, HdT and 374 

HdB can be calculated using Equation 3 (of this paper) and Equation 4 (of Zhou et al. 2013).  375 

It is apparent from Figures 8b and 9 that T-bar penetration resistance in the normally 376 

consolidated calcareous clay is more than double of that in the normally consolidated kaolin 377 

clay. This difference corresponds to mainly much stronger calcareous clay.  378 

Calcareous Silt 379 

For NC calcareous silt, the depth of attaining limiting capacity is negligible. The values 380 

tabulated in Table 5 give (FRSSNSd,ideal)/(FRSTNTd,ideal) = 1.03~1.05 and 381 

(FRSBNBd,ideal)/(FRSTNTd,ideal) = 1.05~1.07. The calculated profiles predicted the measured 382 

resistance very well (see Figure 10). 383 

 384 

Exercise for Partial Drainage and Viscous Rate Effect 385 

For the results from full-spudcan in kaolin clay presented so far in Figures 8, 11 and 13, the 386 

normalised velocity index V = vDe/cv ranges from 73.17 to 146.36, which lie around the 387 

trough of the backbone curve (see Figure 3 and also Chung et al. 2006; Low et al. 2008). It 388 

remains constant with a value of 137.81 for the T-bar penetration. As such, the drainage 389 

correction factor was taken as FDS = FDT = 1. In order to check the performance of the 390 

analogy for partially drained and high viscous rate effect zone, results from very high and low 391 

penetration velocity are assembled in this section. Barbosa-Cruz (2007) carried out tests at 392 

200g using a 60 mm diameter spudcan (DS = 60 mm) in the same kaolin clay varying 393 

penetration rate between 1 and 0.003 mm/s. A T-bar of dimensions identical to this study was 394 

used, and also was penetrated at an identical rate of 1 mm/s. The spudcan penetration results 395 
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for two extreme penetration rates (vS = 0.003 and 1 mm/s) and for the rate identical to this 396 

study (vS = 0.2 mm/s) are plotted in Figure 14, along with the T-bar resistance profiles.  397 

Consistent to the results from this study, the spudcan penetration curve for vS = 0.2 mm/s is 398 

similar to the results from T-bar tests particularly after adjusting for 399 

(FRSSNS,ideal)/(FRSTNT,ideal), as shown in Figure 14. However, the response for vS = 0.003 mm/s 400 

is significantly higher, and the gap increases with penetration depth. This reflects the 401 

influence of two counterbalancing effects including (i) partial consolidation occurred for the 402 

slower rate of the spudcan and (ii) strain rate effect associated with the T-bar penetration 403 

(viscous region, V  > 30). For the spudcan penetration depth of d/DSpe = 1 and 1.44, the 404 

normalised velocity index can be calculated as V = 1.75 and 1.58, respectively (as cv varies 405 

with depth, see Table 2 and Randolph and Hope 2004; Barbosa-Cruz 2007). The 406 

corresponding correction, using the backbone curve for spudcan (see Figure 3 and Table 1; 407 

Barbosa-Cruz 2007), can be calculated as FDS = 2.65 and 2.78 (FDT = 1). The proposed 408 

approach gives the ratio FDS(FRSSNS,ideal)/ FDT(FRSTNT,ideal) = 2.12 and 2.22 respectively. The 409 

calculated profile underestimates the measured data by ~8% at deep penetration depths 410 

(d/DSpe > 1). This may be due to the adopted cv values, and hence V, for deep penetration 411 

depths (considering that the backbone curve of Barbosa-Cruz 2007 is appropriate).     412 

The result for vS = 1 mm/s is also higher, but the difference is somewhat uniform over the full 413 

penetration depth. With V > 525, this shows the effect of relative strain rate. The ratio for 414 

deep penetration can be calculated as FDS(FRSSNS,ideal)/FDT(FRSTNT,ideal) = ~1. The predicted 415 

profile using the proposed framework accounting for shallow bearing capacity factors and 416 

contribution from the spudcan volume leads to a reasonable estimate of measured profile, as 417 

shown in Figure 14. These exercises confirm the workability of the proposed analogy over a 418 

wider range of drainage conditions.   419 
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It should be noted though, in the field, depending on the soil type, similar correction may 420 

mostly be required for the penetrometer penetration due to its lower size, but the same 421 

principle is valid.     422 

 423 

Comparison with Field Data  424 

Menzies and Roper (2008) reported measured load-penetration records from various jack-up 425 

installations at thirteen locations in the Gulf of Mexico. The profiles for sites 1, 2 and 7 (in 426 

NC and LOC) and sites 4 and 5 (in HOC) are plotted in Figures 15a and 15b, respectively. At 427 

each of the sites, single boring was drilled and sampled. Soils were normally, lightly and 428 

heavily overconsolidated clays with strength mostly increased linearly with depth. Undrained 429 

shear strength profiles were presented based mainly on unconsolidated undrained triaxial 430 

tests. Coefficient of consolidation values ranging from 0.7 to 3.4 m2/h are typical for the soils 431 

of the sites. The T-bar penetration resistance (qT) profiles were back calculated from the 432 

proposed undrained shear strength profiles dividing by NTd. Collating a worldwide high 433 

quality database of lightly overconsolidated clays, Low et al. (2010) suggested an average T-434 

bar factor of 11.87 based on triaxial compression, simple shear and triaxial extension strength 435 

for the estimation of intact undrained shear strength from the penetration resistance. As such 436 

NTd = 11.87 was used in those back calculation. 437 

In the field, the standard T-bar (DT = 40 mm) penetration tests are carried at a rate of vT = 20 438 

mm/s. For the diameter of the spudcans for Sites 1 and 2 were 13.5 m, and that of the 439 

spudcans for Sites 4, 5 and 7 were 12 m. The penetration rate for the spudcans can be 440 

assumed as 2 m/h (InSafeJIP 2010). These values ensured undrained conditions for both the 441 

T-bar and spudcans, and provide FDS(FRSSNS,ideal)/FDT(FRSTNT,ideal) = ~0.765 (for Sites 1 and 442 
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2) and ~0.77 (for Sites 4, 5 and 7). Figure 15a shows a close agreement between the predicted 443 

and measured profiles. 444 

For HOC clays, the critical depths HcavS and HdT can be calculated using Equations 1 and 3 as 445 

0.8 and 5.8 m respectively (for Site 4: su = 19.2 + 1.46z kPa) and 0.7 and 5.3 m respectively 446 

(for Site 5: su = 15.6 + 1.24z kPa). The depth of 0.7~0.8 m is negligible, but that of 5.3~5.8 m 447 

in HOC clay is considerable. As such, shallow bearing capacity factors for spudcan were 448 

needed to be taken into account for d ≤ HcavS. Equation 10c was used for d ≤ HcavS and 449 

Equation 11 for d > HcavS. The predicted profiles well estimated the measured profiles.  450 

Erbrich (2005) reported a case history at Yolla, offshore Australia. The spudcan foundations 451 

were 18.2 m in diameter. The site consisted of stratified soils with layers of calcareous silt and 452 

clay. The coefficients of consolidation for the clay and silt layers were respectively of 4000 453 

and 9 m2/h. The standard T-bar penetration test was included in the site specific soil 454 

investigation program.  455 

Again a spudcan penetration rate of 2 m/h was assumed. For the clay, both the T-bar and 456 

spudcan penetration fall in the undrained region whereas for silt, the T-bar penetration falls in 457 

the partially drained region. The profile from a T-bar test was scaled using Equation 11 and 458 

plotted in Figure 16 along with the recorded spudcan penetration data, with reasonable 459 

prediction evidenced.               460 

             461 

Conclusions 462 

This paper has reported a framework for estimating spudcan penetration resistance directly 463 

from in situ site investigation carried out by a full-flow penetrometer – T-bar. The framework 464 

was developed accounting for the influence of relative (a) drainage conditions, (b) induced 465 

strain rate and softening, (c) mobilising soil failure mechanisms and corresponding shallow 466 
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and deep bearing capacity factors. The scaled profile using the proposed framework estimated 467 

centrifuge test data and reported field data reasonably well. 468 
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Notation 481 

A  plan area at largest section 482 

AS  spudcan plan area at largest section 483 

a  normalised bearing pressure in undrained region  484 

b  difference of normalised bearing pressure between drained and undrained 485 

region 486 

c, m indicator of stiffness of backbone curve or breadth of partially drained zone   487 

cv  coefficient of consolidation 488 

DB  ball diameter 489 

DBe  ball equivalent (area) diameter 490 

DBp  ball diameter in prototype 491 

DBpe  ball equivalent (area) diameter in prototype 492 

De  equivalent (area) diameter 493 

DS  spudcan diameter at largest section 494 

DSe  spudcan equivalent (area) diameter 495 

DSpe  spudcan diameter in prototype 496 

DSpe  spudcan equivalent (area) diameter in prototype 497 

DT  T-bar diameter 498 

DTe  T-bar equivalent (area) diameter 499 
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DTp  T-bar diameter in prototype 500 

DTpe  T-bar equivalent (area) diameter in prototype 501 

d   penetration depth of load reference point (LRP) of spudcan and T-bar 502 

dtip   penetration depth of tip of spudcan or invert of T-bar 503 

FD   drainage correction factor  504 

FDB   drainage correction factor for ball 505 

FDS   drainage correction factor for spudcan 506 

FDT   drainage correction factor for T-bar 507 

FRS  viscous rate and softening effect adjustment factor 508 

FRSB viscous rate and softening effect adjustment factor for ball 509 

FRSS  viscous rate and softening effect adjustment factor for spudcan 510 

FRST viscous rate and softening effect adjustment factor for T-bar 511 

Gs  specific gravity 512 

HcavS   open cavity depth after spudcan installation (taken as identical to back-flow 513 

depth)  514 

HdS  depth to attainment of fully localised deep failure around spudcan 515 

HdT  depth to attainment of fully localised deep failure around T-bar 516 

Ip plasticity index 517 

k rate of increase of undrained shear strength 518 
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NB   bearing capacity factor of T-bar 519 

NBd   deep bearing capacity factor of ball 520 

NBdl   limiting deep bearing capacity factor of ball 521 

NBd,ideal  deep bearing capacity factor of ball for ideal non-softening, rate independent 522 

soil 523 

NS   bearing capacity factor of spudcan 524 

NSd   deep bearing capacity factor of spudcan 525 

NSdl   limiting deep bearing capacity factor of spudcan 526 

NSs   shallow bearing capacity factor of spudcan 527 

NSs0  bearing capacity factor of spudcan for uniform clay 528 

NS,ideal  shallow bearing capacity factor of spudcan for ideal non-softening, rate 529 

independent soil 530 

NSd,ideal  deep bearing capacity factor of spudcan for ideal non-softening, rate 531 

independent soil 532 

NSdl,ideal  limiting deep bearing capacity factor of spudcan for ideal non-softening, rate 533 

independent soil 534 

NT   bearing capacity factor of T-bar 535 

NTd   deep bearing capacity factor of T-bar 536 

NTdl  limiting deep bearing capacity factor of T-bar 537 

NTs   shallow bearing capacity factor of T-bar 538 
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NT,ideal  bearing capacity factor of T-bar for ideal non-softening, rate independent soil 539 

NTd,ideal  deep bearing capacity factor of T-bar for ideal non-softening, rate independent 540 

soil 541 

P penetration resistance 542 

Qs   force required to penetrate spudcan 543 

Qv   vertical penetration resistance 544 

q   penetration resistance at any penetration rate v 545 

qref   penetration resistance at reference penetration rate vref 546 

qT   T-bar penetration resistance 547 

qu   ultimate bearing pressure 548 

qundrained undrained bearing pressure 549 

RB   rate gradient for ball 550 

RS   rate gradient for spudcan 551 

RT   rate gradient for T-bar 552 

St  soil sensitivity 553 

su   undrained shear strength of soil (at any strain rate )ξ  554 

dTuHs  undrained shear strength of soil at HdT 555 

sum   undrained shear strength of soil at mudline 556 

su,ref  undrained shear strength of soil at reference strain rate refξ  557 
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su0   local undrained shear strength of soil at spudcan base level 558 

VS   total volume of spudcan beneath backfill (buried volume)  559 

VSb   volume of embedded spudcan below maximum bearing area 560 

V  non-dimensional velocity 561 

v  object penetration rate 562 

vB  ball penetration rate 563 

(vB/DB)ref representative reference strain rate of ball  564 

vref  reference penetration rate 565 

vS  spudcan penetration rate 566 

(vS/DS)ref representative reference strain rate of spudcan 567 

vT  T-bar penetration rate  568 

(vT/DT)ref representative reference strain rate of T-bar 569 

z  depth below mudline 570 

rem   ratio of fully remoulded to initial shear strength (the inverse of the sensitivity) 571 

   soil effective unit weight 572 

avg  average soil effective unit weight 573 

   rate parameter  574 

B   rate parameter for ball 575 

S   rate parameter for spudcan 576 
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T   rate parameter for T-bar 577 

v0  vertical effective stress 578 

   cumulative plastic shear strain 579 

S   cumulative plastic shear strain of spudcan 580 

T   cumulative plastic shear strain of T-bar  581 

95   softening parameter (cumulative plastic shear strain required for 95% 582 

remoulding)  583 

ξ   shear strain rate   584 

refξ  reference shear strain rate 585 

 586 
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Table 1. Parameters a, b, c and m for Figure 3 667 

Object Soil type a b c m Reference 

T-bar Kaolin clay 1 2.77 0.30 1.23 Randolph and Hope (2004): with 
viscous rate effect 

T-bar Kaolin clay 1 2.10 0.30 1.60 Randolph and Hope (2004): 
without viscous rate effect 

T-bar Kaolin clay 1 2.77 0.17 1.45 Watson and Suemasa 
(unpublished data, 2009) 

Spudcan Kaolin clay 1 4.45 1.00 1.20 Barbosa-Cruz (2007): based on 
centrifuge test data 

T-bar  Calcareous 
silt 

1 17.00 6.00 1.50 Cassidy (2012) 

Spudcan  Calcareous 
silt 

1 17.40 3.50 1.80 Cassidy (2012) 

Flat footing 
& cone  

Calcareous 
silt 

1 17.40 0.70 1.00 Finnie and Randolph (1994) 

 668 

 669 
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Table 2. Summary of soil properties  670 

 Kaolin clay (KC)        
(Stewart 1992; 

Randolph and Hope 
2004) 

Calcareous clay 
(CC) (Watson 1999) 

Calcareous silt (CS20) 
(Cassidy 2012) 

Calcareous silt 
(CS15) (Watson 

1999) 

Site Commercially available Laminaria; Timor 
Sea 

Gorgon; North-West 
Shelf, offshore Australia 

Gorgon; North-West 
Shelf, offshore 

Australia 

Sample  Reconstituted Reconstituted Reconstituted Reconstituted 

Liquid limit, LL (%) 61 82.4 - - 

Plastic index, Ip  (%) 34 30 - - 

CaCO3 content (%) - ~80 > 95 > 95 

OMYACARB content (%) - - 20 15 

Specific gravity, Gs 2.6 No data 2.67 2.76 

Sensitivity, St 2~2.8 - Low Low 

Consolidation coefficient, cv  

(results from Rowe cell test 
on sample) 

2.6 (average) m2/yr No data 15 (average over depth 
of interest) m2/yr 

8 (average) m2/yr 

v0  (kPa) cv (m2/yr) v0 (kPa) cv (m2/yr) 

0 0 0 0 

15 1.84 15 15 

30 2.37 30 25 

60 3.06 60 35 

90 3.53 120 49 

110 3.80 240 82 

 671 

 672 

 673 

 674 

 675 

 676 

 677 

 678 
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Table 3. Summary of conducted full-spudcan (FS) and T-bar tests in kaolin clay 679 

Event Test DSpe 

= 

DSp 

(m) 

DTpe 

(m) 

DTp 

(m) 

VSb   

(m3) 

VS 

(m3) 

HcavS/DSpe* HdS/DSpe
# HdT/DTp

 HdT/DSpe avg 

(kN/m3)

KC1: NC 

clay 

FS1 3.0 1.13 0.50 0.86 2.20 0.00 0.70 1.50 0.05 7 

FS2 3.0 1.13 0.50 0.86 2.20 0.00 0.70 1.50 0.05 7 

FS3 3.0 1.13 0.50 0.86 2.20 0.00 0.70 1.50 0.05 7 

KC2: LOC 

clay 

FS4 2.1 0.79 0.35 0.41 1.04 0.50 1.20 3.48 0.58 7 

FS5 4.2 1.58 0.70 3.26 8.33 0.33 1.03 2.79 0.47 7 

FS6 5.4 1.02 0.45 5.67 14.47 0.30 1.00 3.42 0.29 7 

FS7 12.0 2.26 1.00 54.97 140.36 0.24 0.94 2.33 0.44 7.5 

KC3: HOC 

clay 

FS8 6.0 1.13 0.50 6.87 17.54 0.49 1.19 4.33 0.36 7.5 

*Measured during centrifuge test  680 

#Calculated using Equation 2 681 

Calculated using Equation 3 682 
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Table 4. Summary of conducted full-spudcan, ball (B) and T-bar tests in calcareous clay 683 

and silt (Data from Watson 1999; Cassidy 2012) 684 

Event Test DSpe = DSp or DBpe = DBp 

(m) 

DTpe (m) DTp (m) 

CC1*: NC clay B1 1.8 1.36 0.75 

CC2: LOC clay B2 1.8 1.36 0.75 

CS(20)1: NC silt FS28 6.0 1.13 0.50 

FS29 6.0 1.13 0.50 

CS(15)2: NC silt B3 1.8 1.70 0.75 

B4 1.8 1.70 0.75 

*CC: Calcareous clay  685 

CS: Calcareous silt 686 

 687 
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Table 5. Summary of normalised penetration rate for full-spudcan, ball and T-bar tests: 688 

correction factors to be used in Equations 10 and 11  689 

Event Test DS = 

DSe     

(or DB 

= DBe) 

(mm) 

DT 

(mm) 

DTe 

(mm) 

vS or 

vB 

(mm/s) 

vT 

(mm/s) 

cv 

(mm/s)

vS/DS 

or 

vB/DB 

(s-1) 

vT/DT

(s-1)

 

vSDSe/cv

or 

vBDBe/cv

vTDTe/cv FDS 

or 

FDT 

or 

FDB 

S 

or 

B 

T RS or 

RB 

RT FRSS 

or 

FRSB

FRST 

KC1 

FS1 30 5 11.3 0.20 1 0.082 0.0067 0.2 72.78 136.87 1 0.12 0.18 3.81 4.40 1.46 1.79 

FS2 30 5 11.3 0.20 1 0.082 0.0067 0.2 72.78 136.87 1 0.12 0.18 3.81 4.40 1.46 1.79 

FS3 30 5 11.3 0.20 1 0.082 0.0067 0.2 72.78 136.87 1 0.12 0.18 3.81 4.40 1.46 1.79 

KC2 

FS4 30 5 11.3 0.20 1 0.082 0.0067 0.2 72.78 136.87 1 0.12 0.18 3.81 4.40 1.46 1.79 

FS5 30 5 11.3 0.20 1 0.082 0.0067 0.2 72.78 136.87 1 0.12 0.18 3.81 4.40 1.46 1.79 

FS6 60 5 11.3 0.20 1 0.082 0.0033 0.2 145.55 136.87 1 0.12 0.18 3.50 4.40 1.42 1.79 

FS7 60 5 11.3 0.19 1 0.082 0.0031 0.2 137.56 136.87 1 0.12 0.18 3.47 4.40 1.42 1.79 

KC3 FS8 60 5 11.3 0.2 1 0.082 0.0033 0.2 145.55 136.87 1 0.12 0.18 3.50 4.40 1.42 1.79 

CC1 B1 12 5 11.3 1.00 1 - 0.0833 0.2 - - ~1 0.05 0.10 4.32 4.40 1.22 1.44 

CC2 B2 12 5 11.3 1.00 1 - 0.0833 0.2 - - ~1 0.05 0.10 4.32 4.40 1.22 1.44 

CS(20)1 

FS28 60 5 11.3 1.00 1, 3 0.476 0.0167 0.2, 

0.6 

126.05 71.218 1 0.00 0.03 4.20 4.40, 

4.88 

1 1.13, 

1.15 

FS29 60 5 11.3 2.00 1, 3 0.476 0.0333 0.2, 

0.6 

252.1 71.218 1 0.00 0.03 4.50 4.40, 

4.88 

1 1.13, 

1.15 

CS(15)2 
B3, 

B4 

12 5 11.3 1.00 1 0.254 0.0833 0.2 47.244 44.488 1 0.00 0.03 4.32 4.40 1 1.13 

NSd,ideal = 11.3, NTd,ideal = 9.5, NBd,ideal = 11.5 690 

(vT/DT)ref = 0.5, (vB/DB)ref = 0.25, (vS/DS)ref = 3.09  10-5/s  691 

 692 
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Number of Figure: 16 693 

Figure 1. Single layer seabed profiles: (a) NC, LOC and HOC clay at the Gulf of 694 
Mexico (Data from Menzies and Roper 2008), (b) Calcareous very silty 695 
clay at North-West Shelf, offshore Australia and calcareous clay at the 696 
Gulf of Mexico (Data from Erbrich and Hefer 2002; Menzies and Lopez 697 
2011) 698 

Figure 2. Soil failure mechanisms during half-spudcan penetration in single layer 699 
clay: (a) Surface heave mechanism; (b) Onset of backflow mechanism; (c) 700 
Fully localised flow mechanism 701 

Figure 3. Effect of partial consolidation or drainage 702 

Figure 4. Rate effect in undrained (viscous) region for T-bar and ball in kaolin clay 703 

Figure 5. Combined effect of strain rate and softening on bearing capacity factor 704 
(data from Hossain and Randolph 2009b; Zhou and Randolph 2009)   705 

Figure 6. Strain rate and strain softening sensitivity for T-bar and spudcan (Data 706 
from Randolph et al. 2007)  707 

Figure 7. Centrifuge model spudcans and T-bar: (a) Spudcan of 60 mm diameter 708 
and T-bar of 11.3 mm (equivalent area) diameter; (b) Schematic diagram 709 
of load reference point (LRP) and penetration depth for penetrating 710 
spudcan and T-bar 711 

Figure 8. Spudcan and T-bar penetration response in normally consolidated kaolin 712 
clay (Tests FS1~FS3, Table 3): (a) As a function of normalised tip 713 
penetration depth (dt/DSpe); (b) As a function of normalised LRP 714 
penetration depth (d/DSpe) 715 

Figure 9. Ball and T-bar penetration response in normally consolidated and lightly 716 
overconsolidated calcareous clay (Tests B1 and B2, Table 4)  717 

Figure 10. Results in normally consolidated calcareous silt: (a) Spudcan and T-bar 718 
penetration response (Tests FS28 and FS29, Table 4); (b) Ball and T-bar 719 
penetration (and extraction) response (Tests B3 and B4, Table 4) 720 

Figure 11. Spudcan and T-bar penetration response in lightly overconsolidated 721 
kaolin clay: (a) Tests FS4~FS6 (Table 3); (b) Test FS7 (Table 3)   722 

Figure 12. Soil flow mechanisms during spudcan and T-bar penetration in single 723 
layer clays: (a) Full-spudcan penetration in NC clay with zero strength at 724 
the mudline (sum/DSpe = 0): immediate backflow, HcavS/DSpe = 0; (b) Half-725 
spudcan penetration in HOC clay with high strength at the mudline 726 
(sum/DSpe = 1.5): flow towards the surface with minor backflow after 727 
d/DSpe = 1.6  728 

Figure 13. Spudcan and T-bar penetration response in heavily overconsolidated 729 
kaolin clay 730 

Figure 14. Exercise with higher and lower spudcan penetration rate i.e. with effect of 731 
partial consolidation and viscous rate effect 732 
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Figure 15. Field data from jack-up installation in the Gulf-of-Mexico: (a) Spudcan 733 
and (inferred) T-bar penetration response in NC and LOC clay; (b) 734 
Spudcan and (inferred) T-bar penetration response in overconsolidated 735 
clay 736 

Figure 16. Field data from jack-up installation at Yolla, offshore Australia  737 
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(a) NC, LOC and HOC clay at the Gulf of Mexico (Data from Menzies and Roper 2008) 739 
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(b) Calcareous very silty clay at North-West Shelf, offshore Australia and calcareous clay at 742 
the Gulf of Mexico (Data from Erbrich and Hefer 2002; Menzies and Lopez 2011)  743 

 744 

Figure 1. Single layer seabed profiles  745 
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 746 

 747 

Figure 2. Soil failure mechanisms during half-spudcan penetration in single layer clay: 748 
(a) Surface heave mechanism; (b) Onset of backflow mechanism; (c) Fully localised 749 

flow mechanism 750 

 751 
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Figure 3. Effect of partial consolidation or drainage   753 
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Figure 4. Rate effect in undrained (viscous) region for T-bar and ball in kaolin clay   757 
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 762 

Figure 5. Combined effect of strain rate and softening on bearing capacity factor (data 763 
from Hossain and Randolph 2009b; Zhou and Randolph 2009)   764 
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 765 

 766 

Figure 6. Strain rate and strain softening sensitivity for T-bar and spudcan (Data from 767 
Randolph et al. 2007)  768 

 769 

 770 
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 771 

(a) Spudcan of 60 mm diameter T-bar of 11.3 mm (equivalent area) diameter 772 

 773 

 774 

(b) Schematic diagram of load reference point (LRP) and penetration depth for penetrating 775 
spudcan and T-bar 776 

 777 

Figure 7. Centrifuge model spudcans and T-bar  778 
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(b) As a function of normalised LRP penetration depth (d/DSpe) 783 

 784 

Figure 8. Spudcan and T-bar penetration response in normally consolidated kaolin clay 785 
(Tests FS1~FS3, Table 3)   786 
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 788 

Figure 9. Ball and T-bar penetration response in normally consolidated and lightly 789 
overconsolidated calcareous clay (Tests B1 and B2, Table 4)   790 
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(a) Spudcan and T-bar penetration response (Tests FS28 and FS29, Table 4)  794 
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(b) Ball and T-bar penetration (and extraction) response (Tests B3 and B4, Table 4)  797 

 798 

Figure 10. Results in normally consolidated calcareous silt   799 
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(a) Tests FS4~FS6 (Table 3) 801 

 802 

0

0.4

0.8

1.2

1.6

2

0 100 200 300 400 500

N
o

rm
al

is
ed

 p
en

et
ra

ti
o

n
 d

ep
th

, 
d

/D
S

p
e

Bearing pressure, qu: kPa

Spudcan 
DSpe = 12 m

T-bar
DTpe = 2.26 m

VS = 0.2 mm/s
VT = 1 mm/s

Using 
proposed 
framework

 803 

(b) Test FS7 (Table 3) 804 

 805 

Figure 11. Spudcan and T-bar penetration response in lightly overconsolidated kaolin 806 
clay   807 
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  808 

(a) Full-spudcan penetration in NC clay with zero strength at the mudline (sum/DSpe = 0): 809 
immediate backflow, HcavS/DSpe = 0 810 

 811 

 812 

(b) Half-spudcan penetration in HOC clay with high strength at the mudline (sum/DSpe = 1.5): 813 
flow towards the surface with minor backflow after d/DSpe = 1.6 814 

 815 

Figure 12. Soil flow mechanisms during spudcan penetration in single layer clays  816 
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Figure 13. Spudcan and T-bar penetration response in heavily overconsolidated kaolin 818 
clay  819 
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Figure 14. Exercise with higher and lower spudcan penetration rate i.e. with effect of 821 
partial consolidation and viscous rate effect  822 
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 825 

(a) Spudcan and (inferred) T-bar penetration response in NC and LOC clay 826 
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 828 

(b) Spudcan and (inferred) T-bar penetration response in overconsolidated clay 829 

 830 

Figure 15. Field data from jack-up installation in the Gulf-of-Mexico  831 

 832 



 55

0

5

10

15

20

25

0 100 200 300

S
p

u
d

c
an

 b
a

se
 p

en
et

ra
ti

o
n

, 
d

: 
m

Verical penetration resistance, Qv: MN

Field data
Spudcan 

DS = 18.2 m

Using proposed 
framework

 833 

 834 

Figure 16. Field data from jack-up installation at Yolla, offshore Australia  835 
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