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CHAPTER 5.  SOIL FLOW MECHANISMS: PIV 

ANALYSES 

5.1 INTRODUCTION 

This chapter presents the soil flow mechanism of foundation penetration in three-layer 

clay-sand-clay soils using PIV analysis. The foundations include spudcan and circular 

foundation with flat base. Soil flow mechanisms for the spudcan foundation are 

described first, followed by the circular plate foundation with flat base (which is termed 

“flat foundation” onwards) on the same soil stratigraphy. The comparison of soil flow 

mechanisms for both foundations enables the study on the effect of the conical 

underpart of the spudcan on soil flow mechanisms.  

5.2 SOIL LAYER GEOMETRY AND MATERIAL PROPERTIES 

Nomenclature of the centrifuge test setup of spudcan and flat foundation on clay-sand-

clay soils is shown in Figure 5-1. Hct, Hs and Hcb are top clay, mid-sand and bottom clay 

layer heights respectively. sum is the clay undrained strength at the mud line. suti and subi 

are clay undrained strength at the top and bottom sand-clay interfaces respectively. ρct 

and ρcb are the top and bottom clay layer strength gradients. ID is the relative density of 

sand and φcv is the constant volume friction angle of sand. γ'ct and γ'bt are the top and 

bottom clay effective unit weights respectively. γ's is the sand effective unit weight.  The 

layer geometry and material properties are tabulated in Table 5-1 and Table 5-2 for 

spudcan and flat foundations respectively.  

 Sample high resolution digital images 5.2.1.

Figure 5-2 displays three 5 Mpx (mega pixel) digital images captured from T3SP (Table 

5-1) using the camera system described in Chapter 4. The high resolution of these 

images is evident. It can be noticed that there is a white kaolin clay region above the 

spudcan with no texture. This is due to the clay collapsing into the cavity above the 

spudcan from the back of the viewing plane. As possibilities exist of generating 

spurious vectors, no PIV meshes were generated at this non-textured region resulting in 
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a void region in results of subsequent analyses. Therefore, this void region should not 

be taken as a hollow cavity while interpreting the PIV results.  

 Assessing undrained shear strength of clay 5.2.2.

T-bar penetration tests were carried out at 200g in a bed of consolidated clay prior 

pluviating any sand to assess the strength of top clay. The T-bar penetration profiles in 

all the six boxes display minimal variation showing sample uniformity (Figure 5-3). The 

OCR of the clay beds was 1.50 (consolidating at 300g and performing T-bar tests at 

200g). This OCR would have changed in-flight due to change in stresses induced by 

removing clay, pouring sand and accommodating different Hct (Chapter 4). Hence, to 

assess the inflight strength an empirical equation of the form shown below proposed by 

Ladd et al. (1977) has been used. 
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Where, su is the undrained shear strength of clay in kPa at any depth, voσ'  is the present 

effective vertical stress in kPa. a and b are two empirical parameters. 

The same  form of equation was used by Stewart (1992) for UWA kaolin clay and have 

been found to work well by centrifuge modellers with similar or varying a and b 

parameters (Teh et al., 2008; Lee et al., 2013a; Hu et al., 2014). 2013a), Hu et al 

Stewart (1992) suggested the parameters as a = 0.185 and b = 0.85. Slightly lower 

values of a = 0.18 and b = 0.80 were proposed later by Loganathan et al. (2000). Teh 

(2007), using normally consolidated (NC) UWA kaolin clay, found that the parameter a 

varies from 0.158 to 0.22. Hu et al. (2014) reported the parameters to be a = 0.16 and b 

= 0.74.  In the current PIV tests, the parameters a and b were back-fitted to all the six T-

bar penetration data and were found to be a = 0.14 and b = 0.7 (Figure 5-3). These 

values of a & b are on the lower side and close to those recently reported by Hu et al. 

(2014). Thus the values of a = 0.14 and b = 0.7 were then used to calculate the inflight 

undrained shear strength of top clay (sum & ρct) in all the tests conducted. The undrained 

shear strengths of all the tests are listed in Table 5-1 & Table 5-2. Though some non-

linearity exists in the measured T-bar strength profile, the interpretation of strength 
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increasing linearly with depth fits the data well, which is a common characteristic of 

many marine clays (Hossain & Randolph, 2009). The a and b parameters from 

Gourvenec et al., (2009) and Bolton & Stewart (1994) overestimate the strength.  

To cater for any additional settlement of the bottom clay layer after placing the sand 

layer, the bottom clay strength was measured using ball penetrometer tests (with a ball 

factor Nball =13.5) similarly accounting for the OCR using Equation 5-1. Although T-bar 

penetrometers were used before, the undrained shear strength obtained from both the T-

bar and ball penetrometer is similar, provided a higher resistance factor is used for the 

ball compared to the T-bar (Lee, 2009). The ball penetrometer tests were carried out 

after removing the top clay and sand layers in each of the strongboxes at the end of the 

tests. This is to avoid the effect of the trapped sand underneath the ball penetrometer 

when a sand layer overlies the bottom clay as discussed in detail in Section 4.9.7 (see 

also Lee et al., 2013b). The deduced parameters were found to be a = 0.19-0.25 and b = 

0.7-0.8. Figure 5-4 displays a typical ball-penetrometer strength profile along with the 

OCR fit for tests T1SP/T1FL. The a and b parameters after Gourvenec et al., (2009) and 

Bolton & Stewart (1994) underestimate the strength in this instance. The bottom clay 

strengths (subi & ρcb) are tabulated in Table 5-1 & Table 5-2.  

An example is given in this paragraph to demonstrate the calculations performed to 

determine the bottom clay strengths (subi & ρcb) for test T1SP. For this test the soil 

properties are Hct = 2.38 m, Hs = 4 m, γ'ct = 6.85 kN/m
3
, γ'cb = 7.32 kN/m

3
 and γ's = 

10.61 kN/m
3
. The present effective stress σ'vo (i.e. under 200g) on the top of the bottom 

clay layer is calculated as 58.74 kPa (2.38 x 6.85 + 4 x 10.61 = 58.74 kPa). Similarly 

the past maximum stress (under 300g) for a clay height of 18 m (60 mm in model scale) 

at the same level of the bottom clay layer (i.e. top of bottom clay) is calculated as 123.3 

kPa (18 x 6.85 = 123.3 kPa). Therefore, OCR becomes 2.1 (123.3/58.74). The a and b 

parameters for T1SP is 0.25 and 0.75 respectively (Figure 5-4). Using Equation 5-1 subi 

can be calculated as 25.6 kPa (0.25 x 58.74 x 2.1
0.75

 = 25.6 kPa). Similarly, the clay 

strength at other depths can be calculated establishing the undrained strength profile of 

the bottom clay. This gives a clay gradient of 1.9 kPa/m.         
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5.3 PIV TEST RESULTS AND DISCUSSION OF SPUDCAN 

FOUNDATION 

The nominal bearing pressure qnom (net vertical load/ spudcan maximum base area; net 

vertical load = total load-buoyancy-friction) against the model penetration depth (d in 

model dimension) is plotted (Figure 5-5). The spudcan maximum bearing base is taken 

as the load reference point (Figure 5-1). To illustrate the effect of different layer height 

on the spudcan penetration resistance profile, the spudcan bearing pressure profiles are 

grouped in Figure 5-5. Figure 5-5a shows the effect of top clay layer thickness (Hct) by 

grouping the responses of T1SP, T2SP, T3SP and T4SP, where the sand layer thickness 

of Hs is kept the same. On the other hand, Figure 5-5b depicts the effect of sand layer 

thickness (Hs) by grouping responses of T2SP, T5SP & T6SP, where the top clay layer 

thickness of Hct is similar (note that Hct is slightly different between the tests).  

All the load penetration responses show punch-through (resistance reducing after peak 

within the sand) or run-out (near constant resistance within the sand) type failure. The 

nominal bearing pressure (qnom) values are within the typical jack-up bearing pressure 

encountered offshore (192-960 kPa) (Young et al. (1984)) except for T6SP that the 

recorded pressure is greater than 1200 kPa due to higher Hs of 30 mm. It is readily 

observed that the peak resistance increases with increasing Hct and increasing Hs. More 

detailed discussions on spudcan peak bearing capacity and potential punch-through 

failure are deferred in Chapter 6 when full spudcan model tests results are analysed. 

Salient features of the spudcan load penetration response in clay-sand-clay (CSC) type 

of soils are discussed further. The bearing pressure does not increase significantly until 

the base of the foundation (or load reference point) touches the mud line. This initial 

increase is obviously greater for two layer of sand over clay (SC) soil, as the top soil 

layer is sand. After the touch down, the pressure increases practically linearly until the 

sand layer affects the spudcan penetration resistance. This is marked by a slight 

curvilinear increase in penetration resistance followed by a sharp almost linear increase 

in penetration resistance up to its peak (qpeak). During field installation with staged pre-

loading, the foundation will penetrate steadily under gradually increasing preload (water 

ballast) up to the point of increase in resistance. Beyond this, the foundation will halt 
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and the rate of preloading has to increase to push the foundation base closer to the initial 

sand level. This has the advantage of notifying the jack-up crew regarding the 

penetration depth of the foundation, which if increased in an uncontrollable manner 

from the halt position can cause punch-through of the jack-up leg.  

The responses of Figure 5-5 reveal that punch-through of the foundation takes place 

once the peak bearing capacity (qpeak) is reached. It is therefore crucial to predict 

accurate qpeak that will avoid punch-through. 

Beyond qpeak reduction in bearing capacity at different rate is observed. This reduction is 

more prominent for thicker sand layers resulting in punch-through (i.e. significant 

reduction in resistance in the sand layer after peak). The reduction is gentler for thinner 

sand layer (T5SP) promoting run-out. By run-out it is meant the speed of leg penetration 

into the seabed is such that relatively less damage on the superstructure is expected, as 

no post peak reduction occurs within the sand layer.  A second peak (qpost-peak) is 

observed in majority of the tests occurring at a distance of ~ 0.20D above the interface 

between the sand layer and the bottom clay layer (marked with arrow). Similar post-

peak responses were also observed in previous centrifuge experiments on dense sand 

over clay soil (Teh et al. (2008). However, this was not so obvious for the very thin 

(T5SP, Hs/D = 1/3) and very thick sand layer case (T6SP, Hs/D = 1). Beyond qpost-peak 

the resistance reduces further in the sand layer. As qpost-peak is always lower than qpeak its 

prediction is less important given that punch-through failure would have already 

occurred after qpeak.   

As the foundation base advances into the bottom clay, the resistance starts to increase 

again gradually with depth, reflecting the strength profile of the bottom clay.  

The minimum free boundary distance (FBD) measured in all the spudcan test is 1.5D 

(based on the last recorded penetration resistance). This is greater than the maximum 

depth of boundary effect (dBE) of 1.10D (measured for the maximum height of plug in 

T6SP according to the equation presented in Chapter 2). For all other tests with lower 

sand height, dBE is further reduced allowing greater safety margin. Hence the resistance 

presented here can be considered as unaffected by the bottom boundary of the strong 

box.  
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To develop site assessment guidelines, it is important to understand soil flow mechanics 

at different penetration depth so that analytical models are developed based on the 

changing mechanisms with depth and complete load-penetration profile can be 

constructed. To this effect, soil flow mechanisms for T3SP are discussed in detail below 

where relevant features are easily discernible, followed by relevant comparisons with 

other tests. 

 Soil Flow mechanisms in CSC stratigraphy    5.3.1.

The incremental vectorial displacements for T3SP are plotted (Figure 5-6, Figure 5-7 & 

Figure 5-8) at 12 different depth locations (stage A –stage L) marked by red hollow 

circles on Figure 5-5.  Stage A –stage F illustrate the mechanics in top clay (Figure 5-6), 

stage G-stage I explores the mechanism in sand (Figure 5-7) and stage J-stage L depict 

the bottom clay mechanisms (Figure 5-8).  

The incremental displacement contours (δ) are normalised against the foundation 

displacement (δspud) and shown in Figure 5-11 to Figure 5-18. Notice that, such 

incremental normalised displacement contour lines can also be taken as normalised 

velocity contours (v/vspud), as the time step (t) for the foundation and soil displacement 

are the same and cancel out when normalised.  A normalised contour (δ/δspud) of 0.1 can 

be taken as the demarcation line of flow separation. Zones with contour lines 

corresponding to δ/δspud ≥ 0.9 can be taken as soil moving with approximately the same 

velocity of the spudcan.  Throughout this chapter the sand surface is taken as zero 

penetration depth line (d = 0), and the spudcan penetration is downward positive. 

Top clay mechanisms (Stages A - F) 

Stage A (d = -30.19 mm) 

Radial soil flows are detected as the spudcan tip fully introdes into the top clay (Figure 

5-6a) with only marginal resistance recorded due to the small size of the tip. The failure 

mechanism is closely confined around the tip. As penetration progresses, the inclined 

bottom side above the tip gradually comes in contact with the soil, and the penetration 

resistance starts to increase. This increase from stage A up to full base contact at stage B 

is practically linear as reflected in the load-penetration response (Figure 5-5a).  
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Stage B (d = -27.37 mm) 

At full spudcan base contact, the mechanism is more spread with lateral extent of ~ 1.32 

D (Figure 5-11a) and vertical extent of ~ 0.53D (Figure 5-11b, measured from the 

maximum bearing area). The horizontal displacements extend vertically up to ~ 0.50D. 

This suggests a zone of 0.03D moving vertically only, compressing the clay beneath. 

The maximum normalised horizontal contour at this stage is 0.4 (Figure 5-11a). A thin 

layer of clay moving vertically with approximately the same speed of spudcan (0.9 

contour line in Figure 5-11b). Surface heave at this stage is minimal. 

The mechanisms in Figure 5-11 differ from the classical Terzaghi (1943) solution in 

which a central triangular wedge having width equal to the foundation size (D) is 

pushed vertically downward. Although a triangular region is also discovered at this 

stage (denoted by the absence of horizontal contours near the spigot, Figure 5-11a), its 

width is only of ~0.47D. This reduction in width is the direct consequence of the conical 

underside of the spudcan, which encourages soil to flow in the lateral direction in 

addition to the vertical flow. These differences demonstrate the needs of taking the 

underside shape consideration in bearing capacity calculations (Houlsby & Martin, 

2003). ( 

Stage C (d = -20.54 mm) 

The mechanism at this stage is more confined around the spudcan horizontally and 

vertically with limited upwards flow to the surface (Figure 5-6c).  The horizontal extent 

remains almost the same as stage B but the vertical extent reduces to 0.33D below the 

spudcan base (Figure 5-11c & d). The closely spaced vertical displacement contours 

suggest energy dissipation over a thin band of clay. This reduction in the vertical extent 

is expected in clay with strength increasing with depth, as failure mechanism would 

tend to avoid the stronger soils in deeper layer (Tani & Craig, 1995). 

The vertical contours have greater magnitude compared to the horizontal, indicating 

some top soft clay entrapment beneath the spudcan. The maximum normalised 

horizontal contour reduces to 0.2 due to the increased in-situ vertical stress at the 
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spudcan base level. A cavity is formed above the spudcan as observed in centrifuge tests 

reported by Hossain et al. (2005). 

Stage D (d = -13.71 mm) 

The clean cavity observed in stage B develops further in this stage. The cavity is seen to 

collapse due to partial soil back flow into the open cavity above the spudcan, marked by 

curving inward of the near vertical cavity walls (Figure 5-6d) . The cavity depth 

measured at this stage is 2.46 m (12.32 mm in model scale, measured from the 

undisturbed mud line to the bottom of the cavity). Estimated cavity depth calculated 

from the fitted expression (accurate within 5% of D) provided by Hossain & Randolph 

(2009) is 2.25 m suggesting a good agreement. Note that the maximum magnitude of 

the horizontal contours does not exceed that of stage C (Figure 5-12a) and vertical 

contours are still tightly attached to the spudcan with less spreading (Figure 5-12b). 

Beyond stage D, the spudcan penetration resistance starts to increase slightly first and 

then very rapidly suggesting the influence of the stiff sand layer. 

Stage E (d= -6.85 mm) 

At this stage, the foundation tip is only 0.15 mm (0.005D) away from the original sand 

surface (d = 0) (Figure 5-6e). This marks the starting point of rapid increase in bearing 

pressure. This increase in spudcan bearing capacity is fairly linear. The soil vectorial 

displacements (Figure 5-12c & d) suggest a combination of horizontal and vertical soil 

flow, where the vertical displacements have greater magnitude over the horizontal.  

This contradicts the suggestion of squeezing mechanism (complete horizontal flow 

beneath the foundation) adopted in current industrial guidelines such as ISO (2012) and 

SNAME (2008). In the guidelines for foundation penetrating into a soft over stiff 

materials, the soft material moves nearly completely horizontal beneath the foundation 

when it is reaching the stiff material. The squeezing mechanism was originally 

developed for flat circular foundation resting over a rough rigid plate (Meyerhof & 

Chaplin, 1953). 

Although the maximum normalised horizontal displacement increases to 0.3 as 

compared to 0.2 in stage D showing some effect of the sand stratum, there is no sign of 
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the soft clay being squeezed horizontally as following Meyerhof & Chaplin (1953). 

Moreover, the mechanism extends vertically ~0.25D well into the bottom sand layer 

(Figure 5-12c) suggesting the mobilisation of the sand layer and hence its contribution 

to foundation bearing capacity. Notice that the criterion for squeezing initiation 

suggested by ISO (2012) & SNAME (2008) is already met at this stage.  

The mechanisms near the sand layer are further explored for flat circular foundation in 

this chapter to look into the foundation underside shape effect on soil flow near the 

sand. LDFE analyses are reported in next chapter for both spudcan and flat circular 

foundations to provide more insight into the squeezing (or no-squeezing) mechanisms.  

Stage F (d = -3.42 mm) 

At this stage, the penetration depth of the foundation is 3.42 mm above the sand surface, 

where the spudcan spigot should’ve penetrated into the sand (Figure 5-6f) relative to the 

original sand surface. However, due to the deformation of the sand layer, the spigot only 

touches the sand layer. The deformation of the sand layer is shown by the deformed 

interfaces at the sand surface and the sand bottom. The bearing pressure is increased to 

~400 kPa from ~165 kPa at stage D over a very short penetration depth of ~3.43 mm 

(d/D = 0.11) (see Figure 5-5). This indicates the influence of the deformed sand layer.  

The displacement contours are plotted in Figure 5-13a & Figure 5-13b respectively. The 

displacements spread well into the bottom clay vertically around 1.45D (measured from 

the base of the spudcan) and horizontally 0.40D (measured from the edge of the 

spudcan). Notice the greater vertical extent of the displacement bulb at this stage caused 

by the mid stronger sand layer as opposed to very closely spaced vertical contours in 

previous stages. 

The shear strain distribution at this stage is shown in Figure 5-14a suggesting shearing 

in all three layers with underdeveloped shear planes in sand and bottom clay. With a 

further penetration of 3.42 mm at d = 0 (i.e. the spudcan base reaches the original sand 

surface), the shear planes are more developed in the sand and bottom clay layers (Figure 

5-14b). This suggests that the resistance at this stage is derived from sand shearing and 

bottom clay bearing capacity with only little shear resistance coming from the thin 
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entrapped top clay underneath the spudcan. This confirms the fact that it is not 

appropriate to adopt the squeezing mechanism of the top clay layer and to neglect the 

effects of sand shearing and bottom clay bearing effects in interpreting the increase in 

resistance near the sand top. Albeit some partial squeezing would inevitably take place, 

but once the sand layer starts to deform this squeezing would have been discouraged 

with the top clay entrapment. Indeed all the PIV experiments conducted here though 

with relatively smooth foundation (back calculated surface roughness, α = 0.2) entraps a 

portion of top clay (Figure 5-2b & c) as it penetrates into the sand layer, as was also 

observed by Hossain (2014).  

Mechanisms in sand (stages G-I) 

Stage G (d = 1.68 mm) 

The spudcan reaches its peak bearing capacity at this stage with a penetration depth d 

=1.68 mm (= 0.06Hct = 0.056D) into the sand layer. The entrapped top clay has a 

thickness of ~0.11Hct (0.10D, measured vertically at the centre of the sloping side) 

beneath the spudcan (Figure 5-7a, for digital image at this stage see Figure 5-2b). 

A soil plug, comprised of a thin layer of top clay and partial sand layer, is formed 

underneath the spudcan. The plug penetrates into the bottom clay with the spudcan 

foundation (Figure 5-7a). The plug has an extra clay layer as opposed to only block of 

sand in two layer sand over clay soils (Teh et al., 2008). The failure mechanism is 

further extended into the bottom clay than stage F. The horizontal and vertical extents of 

the mechanisms are 0.82D & 1.67D (Figure 5-13c & d) compared to 0.40D and 1.45D 

in stage F. The composite plug is well developed beneath the spudcan and moves 

practically with the spudcan speed (Figure 5-13d). This is marked by disappearance of 

vertical contours closer to the spigot surface.   

A load spreading type mechanism takes place where the load is projected to a larger 

bearing area on the bottom clay as observed in purely sand over clay by many 

researchers (Terzaghi & Peck, 1948; Meyerhof, 1974; Okamura et al., 1998; Teh et al., 

2008; Lee et al., 2013b; Hu et al., 2014). With the exception of the pushed in frustum, 

this now is a composite of sand and clay. A triangular zone beneath the bottom sand-
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clay intercept is developing. Notice that full soil backfill above the spudcan is not 

achieved as assumed in SNAME (2008).(1 (2013b), 

Stage H (d = 14.02 mm) 

The reduction in resistance after the peak is an indication of reduction in friction and 

dilation angles with increasing shear strain in the shear plane of sand. The reduction is 

also due to the spudcan entering a relatively softer clay material with now less available 

sand height to shear. A local maximum resistance (i.e. the second peak: qpost-peak) with 

major vertical contours tapered inward is observed at this stage (Figure 5-15b). Visible 

horizontal displacements within the shear plane in sand (Figure 5-15a) are observed 

suggesting minor dilatant behaviour. This is also displayed in the vertical displacement 

contours when the outline of the contours  (~0.1 line) in sand become more vertical 

from Figure 5-15b to Figure 5-15d. This slight 

 dilitancy is thought to give the second peak. This dilitancy diminishes with further 

penetration at stage I as explained below. Given this and noting the depth at which it 

occurs (~0.42Hs from the bottom of the sand), it can be suggested that beyond qpost-peak 

the shearing within the sand occurs along vertical planes. The vertical extent of the 

mechanism reduces to 1.23D showing diminished influence of the stronger sand layer 

(Figure 5-15b).   

 

Stage I (d = 20 mm) 

The foundation base reaches the bottom sand-clay intercept with complete vertical 

planes in the sand (Figure 5-7c). No horizontal movement within the sand plug is noted 

suggesting attainment of constant volume state with zero dilitancy angle (Figure 5-14c). 

The triangular zone with only vertical movement is still maintained below the 

composite plug with no soil backflow above the spudcan (Figure 5-14d). The composite 

plug is carried down into the bottom clay at the same speed of the spudcan. This 

effectively enlarges the penetrating foundation and mobilises deeper higher strength 

clay. The depth of the plug at the centre of the spudcan is 0.85Hs (~0.57D).  
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Mechanisms in bottom clay 

Stage J (d = 30 mm) 

As the spudcan penetrates deeper into the bottom clay, the back flow of the bottom clay 

on top of the advancing spudcan is observed (Figure 5-8c, Figure 5-16a & b). The two 

interfaces at the top and bottom of the sand layer merges near the spudcan edge. This 

cuts off or completely isolates the soil plug underneath the spudcan, which becomes an 

integral part of the foundation in the bottom clay.  

Stage K (d = 40 mm) 

More back flow of the bottom clay is observed with intermingled intercept layers 

moving inwards on top of the spudcan (Figure 5-8b).  

Stage L (d = 50 mm) 

Complete localised flow around the spudcan with the composite plug is observed at this 

stage (Figure 5-8c). For spudcan foundation, the sand plug depth in the bottom clay 

seems reduced from previous stages (Figure 5-8a & b). It is also smaller than that 

reported for only sand over clay (~Hs by Craig & Chua, 1990; Teh et al., 2008). Further 

verification to this diminishing plug depth is shown below.  

The corresponding flat foundation (test T3FL) vectorial displacements on an identical 

stratigraphy as Figure 5-8 are reported in Figure 5-9. The average sand plug height over 

penetration depth of 30-50 mm is ~0.85Hs compared to only 0.35Hs for the spudcan 

(Figure 5-8). For the same spudcan foundation (full spudcan) on Silica sand interbedded 

in Kaolin clay, Hossain (2014), by post dissecting the sample, showed that the sand plug 

depth is in the range 0.85-0.9Hs, close to the flat foundation tests reported here. It is 

possible that, due to the conical underside of the spudcan, the sand plug tends to move 

away from the plane facing the transparent window of the strongbox. Thus more bottom 

clay squeezes into the space between the sand plug and the transparent window. The 

thin layer of top clay adjacent to the spudcan base may have encouraged this movement. 

Further confirmation on the out of plane movement of the sand plug can be displayed by 

the bearing capacity comparisons. The bearing capacity factor (Nc = qnom/su) in the 
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bottom clay for spudcan and flat foundation from all the PIV tests are compared in 

Figure 5-10 at penetration depth of 0.5D and 1D into the bottom clay. If the diminishing 

sand plug effect is real, the Nc factor for the spudcan must be lower than to the flat 

foundation. On the contrary, it is seen that the Nc factors are similar, staying close to the 

line of equity, with most spudcan factors are slightly higher than those for flat footing. It 

is therefore concluded that the diminishing sand plug under the spudcan foundation is 

fictitious, an artefact of the testing equipment used.    

Though the overall mechanism between the spudcan and the flat footing is similar, the 

extent of mechanism is affected by the pseudo decrease in plug height under the 

spudcan compared to the flat (Figure 5-16 to Figure 5-19). However, the horizontal 

extent is least affected.            

The failure mechanisms show that a triangular wedge is formed under the entrapped 

composite plug that moves vertically with the foundation (see Figure 5-9c and Figure 

5-19).  The radial flow of clay from the exterior of the triangular zone is extended to the 

full soil backflow above the foundation. The mechanism is simplified and shown in 

Figure 5-20. 

 Layer height effects on soil flow mechanisms 5.3.2.

i) Effect of Hct 

The soil flow mechanisms change from a uniform clay type mechanism for T3SP 

(Hct/D=0.91) described above to a squeezing type mechanism for T1SP (Hct/D=0.40) 

(Figure 5-21). At full embedment (d = -11.94 mm, see also Figure 5-5) the soil is 

predominantly squeezed out horizontally with minor surface heave. The maximum 

horizontal velocity is increased by more than a factor of 2 compared to test T3SP at full 

embedment (Figure 5-11a). The failure mechanism is fully contained within the top clay 

with the sand layer acting as a barrier. However, no appreciable deformation of sand is 

noted at this stage. The horizontal extent of the mechanism is greater than 1D (measured 

from the centre line, see Figure 5-21b). A triangular zone closely resembling the surface 

shape of the inverted spudcan is detected directly under the spigot above the sand layer 
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(Figure 5-21b). This zone is only subjected to vertical displacements (Figure 5-21b & c) 

promoting sand deformation with further penetration.  

The squeezing mechanism continues with further penetration at d = -5.97 mm with 

greater surface heave (Figure 5-22). The maximum heave was measured to be 0.28 Hct 

(0.11D). The vertical contours suggest that the failure mechanism extends into the sand 

by 0.46Hs (measured from the top of sand). The load-penetration response starts to 

increase beyond this stage quite rapidly over a shallow penetration as reported for T3SP 

and is evident in all other tests (see also response of T1SP in Figure 5-5). For T1SP the 

point of sharp increase is ~ 0.25D above the top of sand. 

The difference between the top clay mechanisms of T1SP and T3SP discussed above 

suggest that a transition zone exists with a critical Hct/D ratio. Below this ratio, soil 

would follow the squeezing path as in T1SP and above this ratio, a more uniform clay 

type mechanism as in T3SP would be followed. The next higher Hct/D ratio corresponds 

to 0.57 for spudcan (Table 5-1) and 0.56 for flat foundation (Table 5-2), which did not 

show squeezing as in T1SP discussed above. Hence, the critical Hct/D ratio above which 

uniform clay type mechanism occurs lie within 0.40-0.56. More investigation is 

required to correctly establish this ratio for even softer clay. This lower bound of Hct/D 

= 0.40 is higher than the current recommended ISO (2012) or SNAME (2008) value of 

0.29 for a fully embedded foundation. Notice that such criterion is only to detect the 

initiation of the squeezing mechanism after which the form of squeezing equation 

suggested by Meyerhof & Chaplin (1953) may be applied. The initiation of the 

squeezing mechanism does not necessarily create a sharp increase in foundation 

resistance. The resistance increase is gentle at the beginning until the foundation gets 

very close to the stiff soil layer. This point is not clearly stated in the current design 

guidelines (ISO, 2012).  Meyerhof & Chaplin (1953) 

ii) Effect of Hs 

For a thinner sand layer with Hs/D=0.33 (T5SP) the increase in load near the top of the 

sand layer is less sharp compared to tests with greater Hs/D (Figure 5-5b). This suggests 

that the increasing pressure gradient is dependent on the overall stiffness of the sand 

layer, which is directly linked to the sand layer thickness. A greater sand layer thickness 
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(Hs/D) induces a stiffer sand layer, hence a sharper increase in spudcan resistance when 

approaching the sand layer. However, in the current design guidelines (ISO 2012) only 

the top clay properties are involved in predicting resistance near the top of sand, and any 

stiff layers beneath the top soft layer is treated as an infinite rigid plate (Meyerhof & 

Chaplin, 1953).  

The soil vectorial displacements are shown for T5SP in Figure 5-23 with resultant 

contours in Figure 5-24.  The penetration depths (d = -8.60 ~ -4.31 mm) in Figure 5-23 

& 5-24 are selected where the spudcan penetration resistance has rapid increase in 

Figure 5-5b. At d = -8.60 mm (spudcan tip only 1.60 mm away from top of sand) 

(Figure 5-23a), it is seen that the vectors are predominantly vertical where the complete 

sand layer and a portion of the bottom clay is mobilised (~0.3D from the bottom of 

sand, see Figure 5-24a). With further penetration at d = -4.31 mm (spudcan tip 2.69 mm 

into the sand) this mobilisation effect is increased with greater deformation of the sand 

layer, but no squeezing mechanism is found in the top clay. The displacement bulb 

extends deeper into the bottom clay, increasing from 0.3D to 0.64D (Figure 5-24b). 

These mobilisations of the bottom layers, before the foundation base enters the sand 

layer, cause run-out failure with no peak attenuation. This failure mode was also 

observed by Hu et al. (2014) with lower ratio of Hs/D. This failure mode is opposed to 

the more brittle punch-through failure in other tests with greater Hs/D (Figure 5-5), 

where a peak resistance is obvious.  

 Peak failure mechanism for spudcan  5.3.3.

The soil failure mechanisms at qpeak in all spudcan tests are shown in Figure 5-25 & 

Figure 5-26. The values of qpeak are listed in Table 5-3. The mechanisms are broadly 

similar for all the cases where a thin layer of top clay is entrapped (except T4SP Figure 

5-26a, which has no top clay).  This entrapped clay and sand are sheared and pushed 

into the bottom clay, mobilising the bottom clay simultaneously. The failure mechanism 

at peak for two layer sand over clay test resembles closely to that of Teh et al. (2008) 

(Figure 5-26a).    

Such similar peak failure mechanism, irrespective of different layer geometry is hugely 

advantageous. This indicates that a single model of the mechanism can be adopted to 
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predict the peak bearing resistance (qpeak). However, different friction and dilation 

angles are expected to be mobilised beneath the spudcan due to their stress level 

dependency (Bolton, 1986) and need to be accounted for in peak bearing capacity 

predictions (Okamura et al., 1998; Teh, 2007; Lee et al., 2013b). 

The peak bearing pressure (qpeak) of all the tests are plotted in Figure 5-27. qpeak is seen 

to increase with both Hct/D and Hs/D but more rapidly with Hs/D, showing greater 

influence of the sand height. For a similar Hct/D ratio, by increasing the sand height by 

0.5D, qpeak is increased by more than a factor of 2 (T2SP and T6SP, Figure 5-27a). The 

addition of only 11.92 mm (~0.40D) top clay (2.38 m in prototype inducing surcharge 

qo of 16.03 kPa) for T1SP increases its bearing capacity by 30% of that of purely sand 

over clay (T4SP) (Figure 5-27b). The increase in bearing capacity by adding top clay 

heights (increasing surcharge) has also been observed in full spudcan centrifuge tests 

presented in Chapter 6. The effect of the top clay layer is to increase the surcharge 

pressure, hence the radial pressure in the sand layer and the underlying clay bearing 

capacity, resulting in higher qpeak values. 

 Punch-through depth (dpunch) 5.3.4.

The definition of punch-through depth was given in Figure 4-1 of Chapter 4, which is 

the vertical distance needed to re-gain the bearing capacity at the peak. The punch-

through depths (dpunch) in all the spudcan tests are plotted against qpeak in Figure 5-28 

and tabulated in Table 5-3. dpunch increases with qpeak fairly linearly (based on data 

fitting). Notice that for T6SP with qpeak >1200 the bottom bearing capacity is 

extrapolated to measure dpunch.  For T5SP with qpeak <400, dpunch is ~ 4m in field scale.  

This shows that even a very thin sand layer (Hs/D = 0.33) interbedded in clay can be a 

potential hazard for spudcan punch-through. For the sand over clay soil profile (T4SP), 

dpunch is slightly greater than 5 m and increasing further for the three layer tests with 

increase in qpeak.  

dpunch is also related to Hct/D and Hs/D. The effect of Hs/D on dpunch is plotted in Figure 

5-29a for the tests with nearly constant Hs/D  0.67, and the effect of Hct/D on dpunch is 

plotted in Figure 5-29b for the tests with nearly constant Hct/D  0.67. These results 
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suggest that dpunch increases fairly linearly with both Hct/D and Hs/D but more linearly 

with Hs/D. This is consistent with the fact that, qpeak increases with both Hct/D and Hs/D 

but more rapidly with Hs/D. These linear trends are established from data fitting based 

on regression analyses, additional parametric study (Hct/D = 0.5 and Hs/D = 0.2-1, D = 

10 m, sum = 6 kPa, subi = 20 kPa, ρct = ρcb = 2 kPa/m, φcv = 31
o
), using the developed 

method of Chapter 8 showed dpunch varies almost linearly (R
2
 = 0.99) with Hs/D, 

supporting the linear fit of Figure 5-29a. Similar linear trend was also found for dpunch 

against Hct/D (for the same soil properties, Hs/D = 0.5, Hct/D = 0.2-1) but with a lower 

regression coefficient R
2
 of 0.90.   

 Back calculated operative friction (φ' ) and dilation angle (ψ) 5.3.5.

The operative friction (φ')  and dilation angle (ψ) was back calculated for all the tests 

from modified Bolton’s (1986) expressions suggested by Lee et al. (2013b) (Equation 

5-2 to 5-4).  

R D peak RI =I (Q-lnq )-1, 0<I <4  

 

(5-2) 

  
cv Rφ'=φ +2.65I  

 

(5-3) 

  
cv0.8ψ=φ'-φ , ψ 0  

 

(5-4) 

  

IR is the strength dilitancy indicator, Q being the natural logarithm of grain crushing 

strength expressed in kPa.   

Lee et al. (2013b) showed that at peak a sand frustum with side angles equal to the 

dilitancy angle ψ is pushed into the bottom clay. This was concluded from their FE 

results without experimental observations. To investigate this, the peak stage shear 

strains from all the spudcan tests are plotted along with the back calculated ψ angle in 

Figure 5-30. Reasonable agreements can be seen. It is acknowledged that the shear 

planes in reality are not a single line and they are generally in bands with occasional 

bifurcations (e.g. Figure 5-30f). Dilitancy along this line also varies with different stress 

or strain level along the band. Nevertheless, for the sake of developing simple 

prediction models, it seems justified to assume the angles of the shear planes in sand as 

ψ.  
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Figure 5-30e shows the maximum dilitancy to occur for T5SP (Hs/D =0.33, qpeak being 

the lowest) with ψ being 6.84
o
 and the minimum for T6SP in Figure 5-30f (Hs/D =1, 

qpeak being the highest) of ψ being only 3.73
o
. This indicates that for smaller Hs/D more 

sand spreading type mechanism occur and punching type mechanism takes place for 

higher Hs/D with dilitancy being suppressed due to greater confinement.   

 Effect of image increment on shear band developments  5.3.6.

The effect of foundation displacement increment from image to image on shear band 

developments using PIV was first shown by Stanier & White (2013) for flat foundation 

in sand overlying clay. They have shown that over larger displacements different shear 

bands coalesce. For smaller displacement increments, the shear bands were seen to be 

divided into finer shear zones therefore revealing intricate localization features of the 

mechanism. Similar features were observed in numerical studies using hypoplastic sand 

model reported by Qiu & Grabe (2012) for spudcan in sand overlying clay, where 

dividing shear bands were observed  within the sand at shallow penetration depths of 

the spudcan (Figure 5-31). The periodic nature of shear band developments surrounding 

spherical ball penetrometers in strain softening clay was observed by Zhou & Randolph 

(2007). 

To investigate these effects further, the normalised shear strains at four different image 

increments are plotted in Figure 5-32. As image increment reduces from 10 to 1 more 

localisation features are manifested. Bifurcation of the shear band is evident for frame 

5-frame 10 with more localisation features in the bottom clay being exposed (Figure 

5-32c). For a single image increment three patterns of shear band are seen in the sand at 

the same time, extending into the bottom clay for compatibility (Figure 5-32d). An 

inward shear band, an outward shear band and an interim near vertical shear band are 

formed with different strain level within the band. These different bands of shearing 

indicate the different stress level effect beneath the foundation. Outside the loading zone 

where confinement is less, more dilatant behaviour is expected resulting in outward 

propagating shear zones. Whereas, just beneath the foundation, where a greater 

confinement exists and the shear bands are more vertical indicating lower dilitancy. 



Jackup Foundation Punch-Through                                     Centre for Offshore Foundation Systems  

in Clay with Interbedded Sand                                                              The University of Western Australia 

5-19 

 

Greater image increments tend to average these effects and are more representative of 

behaviour at a macro scale.    

5.4 PIV TEST RESULTS OF FLAT FOUNDATION AND 

DISCUSSION ON COMPARISON 

The six flat foundation test images were analysed in a similar manner as spudcan 

foundation. Complete flat foundations are rarely used for jack up platforms offshore 

because a lack of spigot may cause positional inaccuracy as compared to conical 

foundations. The flat foundation tests here serve as a comparison tool to see the spudcan 

geometry effect. The test geometry and material properties are given in Table 5-2. The 

following discussion is thus restricted in chiefly comparisons between the two types of 

foundations.  

 Load penetration response (qnom-d profile) 5.4.1.

Figure 5-33 plots the bearing resistance for flat foundations in groups similar to that of 

spudcans. The load reference point is taken at the base of the foundation (Figure 

5-1).The general response behaviour is similar to that of spudcans with differences in 

pressure magnitude. In the absence of a conical underpart, the response increases as 

soon as foundation base is in contact with soil, with sharp increase in resistance near the 

top of sand. Soil flow mechanisms at several points of interest are discussed further with 

relative differences with spudcan highlighted. 

 Soil flow mechanisms for flat foundation 5.4.2.

Squeezing mechanism (T1FL) 

Squeezing in top clay is observed for T1FL (Hct/D = 0.39) (Figure 5-34). The 

mechanism does not extend to the sand and bottom clay layers at this stage. The soil 

flow beneath the foundation has both horizontal and vertical components (Figure 5-34b 

and c respectively). Similar to spudcan a triangular region beneath the foundation is 

observed, which is not squeezed laterally but only moves vertically. However, in 

contrast to spudcan the whole region is not pushed vertically (Figure 5-21c) showing 

some shape effect of the conical part. The vertical contours near the centre of the 
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foundation are oriented inward as opposed to outward for the spudcan due to the 

protruding spigot (Figure 5-34b). Small amount of surface heaving is evident at this 

stage, which develops more with further penetration.  

For thicker clay layers no squeezing in top clay is observed. Similar to spudcan, single 

layer of clay type of mechanism takes place with subtle differences from that of 

spudcan. The failure mechanism for T3FL at 5 mm of penetration from the mudline 

(full thickness embedded) is shown in Figure 5-35. The mechanism resembles closely to 

the upper bound single wedge mechanism of Kusakabe et al. (1986) for shallow 

embedment on clay with strength increasing with depth.  

Mechanisms near the top of sand 

For spudcan, the increase in resistance near the top of sand was a result of mobilising 

sand layer and bottom clay, instead of squeezing the top clay over a rigid stratum. To 

further investigate this squeezing/non-squeezing effect for the flat foundation (which is 

more onerous as classical squeezing theory is based on flat plates), the soil flow 

mechanisms close to the top of sand are compared in Figure 5-36 ~ Figure 5-38. 

Figure 5-36 shows the case for an intermediate sand height (Test T2FL) at penetration 

depths of d = -5.01 mm & 0 mm (see also the resistance curve in Figure 5-33 with 

marked positions) where the penetration resistance increases rapidly. At d = -5.01 mm 

the top clay is compressed vertically with small displacements in sand recorded. There 

is only slight horizontal movement in clay near the edge of the foundation. Clay is 

clearly not horizontally squeezing out at this stage, though the squeezing mechanism is 

supposed to occur based on the distance criterion to the top of the rigid layer suggested 

in SNAME (2008) & ISO (2012).  

As the foundation base reaches the top of sand (d = 0 mm, Figure 5-36b) shear planes 

are developed in the sand and bottom clay, with the spudcan resistance only 7.5% lower 

than the peak (qpeak). This means the shear planes in sand and the capacity of the bottom 

clay are near full mobilisation.  

The sand layer thickness affects the soil flow mechanism when the flat foundation is 

close to the top of the sand. For a thin sand layer (T5FL) at penetration depth of d = -
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4.18 mm (see Figure 5-33b for location on resistance curve), Figure 5-37 shows that the 

vectors in clay are predominantly vertical with the mechanism extending well into the 

bottom clay. However, for thicker sand layer (T6FL, Figure 5-38), the soil flow 

mechanism is dominated by vertical displacement and more confined within the top 

clay with minimal movement observed in the sand and bottom clay layers. The 

foundation resistance starts to increase rapidly (Figure 5-33b, location marked with 

black hollow circle). 

The lacking of horizontal displacements beneath the flat foundation are observed in all 

cases tested, when the foundation is near the top of the sand layer. This indicates that 

the horizontal displacements observed beneath the spudcan close to the top of sand (see 

Figure 5-6e) is merely due to the slanted bottom, and not necessarily caused by the stiff 

sand layer that deforms progressively as opposed to being completely rigid.  

 Peak failure mechanism of flat foundation 5.4.3.

The peak failure mechanism for all the flat foundation tests is shown in Figure 5-39 & 

Figure 5-40. qpeak is also tabulated in Table 5-4. The mechanisms are broadly similar to 

the spudcan foundation analysed before. The similar failure kinematics for a flat 

foundation to the spudcan foundaiton suggests that the flat foundation could be analysed 

in a similar manner to spudcan within a limit equilibrium framework, as shown by Lee 

(2009). 

The Bolton’s (1986) dilitancy angle (ψ) with m = 2.65 is plotted over the peak stage 

shear strain distribution for all the tests showing good agreement (Figure 5-41).  

Dilitancy for flat foundations   is slightly greater than that of the spudcan by ~0.85
o
 or 

less. 

The peak capacity (qpeak) is compared for both types of foundations against Hct/D and 

Hs/D (Figure 5-42).  Figure 5-42a shows that the differential qpeak between the two 

foundations is greater for higher Hs/D than lower Hs/D. This indicates that the shape 

effect of the spudcan is more pronounced for thicker sand layers than thinner layer. This 

is because, when the foundation is very close to the top of the sand layer, the thin sand 

layer is bending regardless of foundation shape; however, the thick sand layer moves its 
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surface first, thus the foundation can push the top sand moving at different directions 

due to the foundation shape at its base. For a constant intermediate Hs/D, linear trend is 

observed in the data with qpeak increasing with Hct/D. The flat foundation trend line is 

lying below the spudcan line, since the conical shape of the spudcan encourages sand 

dilation in the radial direction.  However, the difference in qpeak between the two 

foundations is diminishing with increasing Hct/D, implying less influence of the conical 

angle at higher Hct/D. This is because the higher surcharge from the higher Hct/D 

constraints dilative behaviour of sand as stated by Bolton (1986). 

With increasing Hs/D, qpeak rises more sharply for both spudcan and flat foundation with 

the flat foundation trend line lying below the spudcan (Figure 5-42b). Thus, Hs/D has 

larger effect on qpeak than Hct/D. 

  qpeak versus dpunch 5.4.4.

The peak bearing capacity (qpeak) is plotted against the punch-through depth (dpunch) in 

Figure 5-43. Both the spudcan and flat foundation follow a unique line. As expected the 

severity of punch-through increases with increasing peak bearing pressure. The rate of 

increase of punch-through depth (dpunch) is approximately 1.85 m per 100 kPa increase 

in peak bearing pressure (qpeak).  

To evaluate the effect of the layer heights on punch-through depth, dpunch is further 

plotted for both the foundations against Hct/D (Hs/D constant) and Hs/D (Hct/D ~ 

constant) in Figure 5-44. dpunch increases with increasing Hct/D and Hs/D but more 

rapidly with Hs/D. This is consistent with the trend observed for qpeak, where qpeak 

increases more rapidly with Hs/D. In all the tests performed, the flat foundation 

recorded lower dpunch than spudcan hence lie below the spudcan trend line (Figure 5-44, 

see also Table 5-4).  

 Effective sand height (Heff) and height of entrapped clay (Hc) 5.4.5.

i) Heff 

As depicted in the PIV analyses, the base of the foundation needs to penetrate some 

distance into the sand layer to mobilise the peak capacity. This suggests that the full 
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sand height is not sheared at peak, as was also highlighted in Teh et al. (2008) (see 

Figure 5-45). To this effect, the effective sand height (Heff) which represents the vertical 

height of sand sheared at peak is calculated from the digital images captured for both 

spudcan and flat footing (Figure 5-46). The best-fit line through the PIV data suggests 

the following relationship, 

eff sH =0.88H  

 

(5-5) 

  
This relationship is identical to that found by Teh et al. (2008) for dense sand over clay 

and also recently verified by Hu et al. (2014) for loose sand over clay. The comparison 

of Heff from other centrifuge data on sand over clay shows a good agreement (Figure 

5-46). Therefore, this simple relationship can be used for a clay-sand-clay stratigraphy 

as well as for sand over clay stratigraphy irrespective of the shape of the foundation (flat 

or spudcan). 

ii) Hc 

The height of the entrapped clay shearing (Hc) was measured at the edge of the spudcan 

and flat foundations from the digital images captured (Figure 5-45). A linear 

relationship exists between (Hct-Hc)/D and Hct/D (Figure 5-47) from which Hc can be 

related to the top clay height Hct simply as,   

c ctH =0.07H  

 

(5-6) 

  
iii) Peak position (dpeak) 

Establishing Heff and Hc, from the geometry of Figure 5-45 dpeak from the mud line can 

be estimated as, 

peak ct s cd =H +0.12H -H  

 

(5-7) 

  
 

5.5 SUMMARY   

The chapter presented PIV analyses results for spudcan and flat circular foundation 

tested on three-layer clay-sand-clay stratigraphy. The following are the main findings, 
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 The soil flow mechanisms in top clay are dependent upon Hct/D. Higher Hct/D 

ratios induce a typical single layer of clay type mechanism, where a cavity is 

formed above the foundation with subsequent collapse due to soil back flow. 

Horizontal movement or squeezing of soil beneath the foundation is not 

significant. On the other hand, lower Hct/D ratios dictate a squeezing type of 

mechanism where top clay predominantly squeezes out beneath the foundation 

with significant surface heaving (Figure 5-48a & b). This squeezing is different 

than the squeezing over a rigid boundary by Meyerhof & Chaplin (1953) where 

soil only squeeze out horizontally with no vertical component of flow. Whereas, 

PIV mechanisms suggest both horizontal and vertical flow components.  

 

 For soft clay the critical Hct/D ratio that separates the single layer of clay type 

mechanism and the squeezing mechanism was found to lie within 0.40-0.56. 

This ratio might be dependent on the clay strength and clay strength non-

homogeneity. More investigation is required to correctly establish this over a 

wide range of soil properties.  

 

 As foundation penetration progressing closer to the sand layer, it was found that 

the rapid load increase in the top clay just above the sand layer was 

predominantly due to top clay-clay and sand shearing along with bottom clay 

mobilisation (Figure 5-48c). This is in contradiction to the current approach 

adopted in the industrial guidelines of ISO (2012) where the rapid increase in 

load is attributed to horizontal squeezing of top clay only. These findings 

highlight the importance of rethinking the application of classical squeezing 

solutions adopted in the current industrial literatures for deformable stratum, 

which are solely based on flat foundations squeezing softer material over a rigid 

undeformable stratum. 

 

 As foundation approaching the top of sand, the vertical soil vectors push against 

the sand and deform the layer. A thin layer of top clay (0.07Hct on average) was 

found entrapped beneath the foundation as shown in (Figure 5-48c).   
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 The peak bearing mechanisms for all clay-sand-clay soil were kinematically 

similar (Figure 5-48d) with different operative friction and dilation angles being 

mobilised beneath the foundation. The bearing resistance at peak came from top 

clay and sand shearing in addition to the contribution from the bearing capacity 

of the bottom clay. The back calculated dilitancy angle from Bolton’s (1986) 

equations when plotted over the incremental shear strain distribution at peak 

suggested that the assumption made by Lee et al. (2013b), that the sand frustum 

is pushed into the bottom clay at an angle equal to the dilitancy angle, is 

reasonable.   

 

 The deep bearing capacity mechanism into the bottom clay suggested that the 

foundation entraps a composite plug of top clay and mid sand. A triangular 

wedge just beneath the composite plug was formed and moving vertically to 

push soil flowing outwards on the sides and then backwards above the 

foundation (Figure 5-48e).    

 

 All tests on clay-sand-clay showed significant punch-through failure irrespective 

of foundation shape (spudcan or flat) with punch-through depth increasing 

linearly with foundation peak capacity (qpeak) and in the range of dpunch = 3 ~ 19 

m.  
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Table 5-1 PIV test geometry and material properties (Spudcan) 

   

 * Model scale, prototype: Centrifuge acceleration 200g. ** Based on average moisture content 

 # The first Alphabet T stands for test, followed by the Arabic numeral denoting the test number and final pair of alphabets SP indicate spudcan foundation. 

Test
#
 Foundation 

type 

    Hct* 

(mm,m) 

    Hs* 

(mm,m) 

D* 

(mm,m) 

Hct/D Hs/D sum 

(kPa) 

ρct 

(kPa/m) 

subi 

(kPa) 

ρcb 

(kPa/m) 

φcv 

 (degree) 

ID (%) γ's 

(kN/m
3
) 

γ'ct** 

(kN/m
3
) 

γ'cb** 

(kN/m
3
) 

T1SP  

 

Spudcan 

11.94 ,  2.38 20 , 4 30 , 6 0.40 0.67 4.9 1.9 25.6 2.5 31 74 10.61 6.85 7.32 

T2SP 21.62 , 4.32 20 , 4 30 , 6 0.72 0.67 4.5 1.6 27 2.5 31 74 10.61 6.85 7.32 

T3SP 27.37 , 5.47 20 , 4 30 , 6 0.91 0.67 4.1 1.5 26 2.3 31 74 10.61 6.85 7.32 

T4SP 0 , 0 20 , 4 30 , 6 0.00 0.67 0 0 18.7 2 31 74 10.61 6.85 7.32 

T5SP 17.22 , 3.44 10 , 2 30 , 6 0.57 0.33 4.7 1.7 18.2 2 31 74 10.61 6.85 7.32 

T6SP 21.74 , 4.35 30 , 6 30 , 6 0.72 1.00 4.5 1.6 26.0 2.3 31 74 10.61 6.85 7.32 
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Table 5-2 PIV test geometry and material properties (Flat foundation) 

 

Test
#
 Foundation 

type 

Hct 

*(mm,m) 

Hs 

*(mm,m) 

D* 

(mm,m) 

Hct 

/D 

Hs 

/D 

sum 

(kPa) 

ρct 

(kPa/m) 

subi 

(kPa) 

ρcb 

(kPa/m) 

φcv 

(degree) 

ID (%) γ's 

(kN/m
3
) 

γ'ct** 

(kN/m
3
) 

γ'cb** 

(kN/m
3
) 

T1FL  

 

Flat 

11.73 ,2.35 20 , 4 30 , 6 0.39 0.67 4.9 1.9 25.6 2.5 31 74 10.61 6.85 7.32 

T2FL 20.06 ,4.01 20 , 4 30 , 6 0.67 0.67 4.5 1.6 26.7 2.5 31 74 10.61 6.85 7.32 

T3FL 25.54 , 5.10 20 , 4 30 , 6 0.85 0.67 4.1 1.5 25.8 2.3 31 74 10.61 6.85 7.32 

T4FL   0 , 0 20 , 4 30 , 6 0.00 0.67 0 0 18.7 2 31 74 10.61 6.85 7.32 

T5FL 16.78 , 3.36 10 , 2 30 , 6 0.56 0.33 4.8 1.7 18.1 2 31 74 10.61 6.85 7.32 

T6FL 20.25 , 4.05 30 , 6 30 , 6 0.68 1.00 4.5 1.6 26 2.3 31 74 10.61 6.85 7.32 

* Model scale, prototype: Centrifuge acceleration 200g. ** Based on average moisture content   

 # The first Alphabet T stands for test, followed by the Arabic numeral denoting the test number and final pair of alphabets FL indicate flat foundation. 
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Table 5-3 Peak bearing capacity (qpeak), its position (dpeak) and punch-through depth (dpunch) for 

spudcan foundation 

*dpunch extrapolated 

 

Table 5-4  Peak bearing capacity (qpeak), its position (dpeak) and punch-through depth (dpunch) for flat 

foundation 

 

Test qpeak (kPa) dpeak (mm) dpunch (mm) dpunch (m) qpeak(SP) / qpeak(FL) 

T1FL 426.59 4.32 24.06 4.81 1.41 

T2FL 557.62 1.51 40.58 8.12 1.19 

T3FL 691.09 2.39 48.27 9.65 1.09 

T4FL 390.97 5.59 21.45 4.29 1.18 

T5FL 319.30 4.26 16.3 3.26 1.09 

T6FL 976.45 4.94 68.81 13.76 1.27 

 

 

Test  qpeak (kPa) dpeak (mm) dpunch (mm) dpunch (m) 

T1SP 600.83 1.83 35.55 7.11 

T2SP 664.51 3.55 42.05 8.41 

T3SP 750.89 1.68 51.21 10.24 

T4SP 461.82 4.61 26.62 5.32 

T5SP 349.52 0.77 21.19 4.24 

T6SP* 1244.53 1.22   95   19 
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Figure 5-1 Nomenclature of three layer clay-sand-clay stratigraphy 



Jackup Foundation Punch-Through                                                Centre for Offshore Foundation Systems  

in Clay with Interbedded Sand                                                              The University of Western Australia 

5-30 

 

 

Figure 5-2 Sample digital images captured for T3SP; a) spudcan in top clay at d = -20.54 mm, b) at 

peak position, d = 1.68 mm & c) in bottom clay, d = 50 mm   
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Figure 5-3  T-bar resistance measured in uniform clay of all the PIV boxes (T-bar factor, NT = 10.5) 

 

Figure 5-4 Undrained shear strength estimate of bottom clay from post ball penetrometer tests 

(Nball = 13.5)
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Figure 5-5 Load-penetration (qnom-d) resistance measured during spudcan penetration , a) T1SP, T2SP, T3SP &T4SP and b) T2SP, T5SP&T6SP 
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Figure 5-6 Soil flow mechanisms in top clay, stages A to F at d = - 30.19 mm, -27.37 mm, -20.54 mm, 

-13.71 mm, -6.85 mm & -3.42 mm respectively. (x axis-horizontal coordinates in model mm, y axis- 

vertical coordinates in model mm)
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Figure 5-7 Soil flow mechanisms in sand, stages G to I at d = 1.68 mm (peak position), 14.02 mm & 

20 mm respectively. (x axis-horizontal coordinates in model mm, y axis- vertical coordinates in 

model mm) 

 

 

 

 



Jackup Foundation Punch-Through                                                Centre for Offshore Foundation Systems  

in Clay with Interbedded Sand                                                              The University of Western Australia 

5-35 

 

 

Figure 5-8 Soil flow mechanisms in bottom clay, stages J to L at a) d = 30 mm, b) 40 mm & c) 50 

mm respectively. (x axis-horizontal coordinates in model mm, y axis- vertical coordinates in model 

mm) 
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Figure 5-9  Soil flow mechanisms in bottom clay for flat foundation a) d = 30 mm, b) 40 mm & c) 50 

mm respectively. (x axis-horizontal coordinates in model mm, y axis- vertical coordinates in model 

mm) 
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Figure 5-10 Comparing the deep bearing capacity factor for spudcan and flat foundation at 0.5D 

and 1D penetration into the bottom clay 
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Figure 5-11 Zoomed in contours of normalised incremental displacements, a, b) horizontal and 

vertical displacements at stage B (d = -27.37 mm) & c, d) horizontal and vertical displacements at 

stage C (d = -20.54 mm) (x axis-horizontal coordinates in model mm, y axis- vertical coordinates in 

model mm) 
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Figure 5-12 Contours of normalised incremental displacements, a, b) horizontal and vertical 

displacements at stage D (d = -13.71 mm) & c, d) horizontal and vertical displacements at stage E (d 

= -6.85 mm) (x axis-horizontal coordinates in model mm, y axis- vertical coordinates in model mm) 
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Figure 5-13 Contours of normalised incremental displacements, a, b) horizontal and vertical 

displacements at stage F (d = -3.42 mm) & c, d) horizontal and vertical displacements at peak stage 

G (d = 1.68 mm) (x axis-horizontal coordinates in model mm, y axis- vertical coordinates in model 

mm) 
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Figure 5-14 Incremental shear strains for T3SP, a) d = -3.42 mm (stage F)   & b) d = 0 mm 

(spudcan base at original sand level) (x axis-horizontal coordinates in model mm, y axis- vertical 

coordinates in model mm) 

 

 



Jackup Foundation Punch-Through                                                Centre for Offshore Foundation Systems  

in Clay with Interbedded Sand                                                              The University of Western Australia 

5-42 

 

 

 

Figure 5-15 Contours of normalised incremental displacements, a, b) horizontal and vertical 

displacements at stage H (d = 14.02 mm) & c, d) horizontal and vertical displacements at stage I (d 

= 20 mm) (x axis-horizontal coordinates in model mm, y axis- vertical coordinates in model mm) 
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Figure 5-16 Contours of normalised incremental displacements, a, b) horizontal and vertical 

displacements at stage J (d = 30 mm) & c, d) horizontal and vertical displacements at stage K (d = 

40 mm) (x axis-horizontal coordinates in model mm, y axis- vertical coordinates in model mm) 
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Figure 5-17 Contours of normalised incremental displacements for flat foundation a, b) horizontal 

and vertical displacements (d = 30 mm) & c, d) horizontal and vertical displacements (d = 40 mm) 

(x axis-horizontal coordinates in model mm, y axis- vertical coordinates in model mm) 
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Figure 5-18 Contours of normalised incremental displacements at stage L (d = 50 mm); a) 

horizontal displacement & b) vertical displacements (x axis-horizontal coordinates in model mm, y 

axis- vertical coordinates in model mm) 
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Figure 5-19 Contours of normalised incremental displacements for flat foundation at d = 50 mm a) 

horizontal displacement & b) vertical displacements (x axis-horizontal coordinates in model mm, y 

axis- vertical coordinates in model mm) 
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Figure 5-20 Idealised deep bearing capacity mechanism in bottom clay 
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Figure 5-21 Squeezing mechanism observed in T1SP, a) Soil flow mechanisms at full embedment (d 

= -11.94 mm), b) Normalised horizontal contours at full embedment (d = -11.94 mm) & c) 

Normalised vertical contours at full embedment (d = -11.94 mm) (x axis-horizontal coordinates in 

model mm, y axis- vertical coordinates in model mm) 
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Figure 5-22 Squeezing mechanism observed in T1SP, a) Soil flow mechanisms at d = -5.97 mm, b) Normalised 

horizontal contours at d = -5.97 mm & c) Normalised vertical contours at d = -5.97 mm (x axis-horizontal 

coordinates in model mm, y axis- vertical coordinates in model mm) 
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Figure 5-23 Effect of a thin interbedded sand on soil flow mechanisms: test T5SP, a) at d = -8.60 mm & b) at d 

= -4.31 mm (x axis-horizontal coordinates in model mm, y axis- vertical coordinates in model mm) 

 

Figure 5-24  Resultant normalised displacement contours for T5SP, at a) d = -8.60 mm & b) d = -4.31 mm (x axis-

horizontal coordinates in model mm, y axis- vertical coordinates in model mm) 
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Figure 5-25 Soil vectorial displacement at peak a) T1SP, b) T2SP & c) T3SP (x axis-horizontal coordinates in model mm, y axis- vertical coordinates in model mm) 
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Figure 5-26  Soil vectorial displacement at peak a) T4SP, b) T5SP & c) T6SP (x axis-horizontal coordinates in model mm, y axis- vertical coordinates in model mm) 
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Figure 5-27 a) Effect of normalised top clay height (Hct/D) on qpeak & b) Effect of normalised sand 

height (Hs/D) on qpeak 
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Figure 5-28 Relation between peak bearing capacity (qpeak) and punch-through depth (dpunch) 
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Figure 5-29 a) Effect of normalised top clay height (Hct/D) on punch-through & b) Effect of 

normalised sand height (Hs/D) on punch-through 
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Figure 5-30 Incremental shear strain distribution at peak and Bolton’s (1986) dilitancy angle ψ  a) T1SP , b) T2SP, c) T3SP, d) T4SP, e) T5SP & f) T6SP 
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Figure 5-31 Shear band developments in sand over clay soil (D = 6 m, Hc t= 0 m, Hs = 5 m); dense 

sand, ID = 0.85, medium dense sand, ID = 0.50 and loose sand, ID = 0.20: 
q

is the deviatoric strain 

rate (after Qiu & Grabe, 2012).)). 
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Figure 5-32  Effect of spudcan displacement increment on shear band developments for T4SP, a) 

Frame 1–Frame 10 , b) Frame 5–Frame 10 , c) Frame 7-Frame 10 & d) Frame 9-Frame 10 (x axis-

horizontal coordinates in model mm, y axis- vertical coordinates in model mm)
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Figure 5-33  Load-penetration (qnom-d) resistance measured during flat foundation penetration , a) T1FL, T2FL, T3FL & T4FL and b) T2FL, T5FL & T6FL
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Figure 5-34  Squeezing mechanism for flat foundation, T1FL at full embedment (d = -6.73 mm); a) 

Vectorial displacements, b) Normalised horizontal displacement contours & c) Normalised vertical 

displacement contours. (x axis-horizontal coordinates in model mm, y axis- vertical coordinates in 

model mm) 
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Figure 5-35 General shear mechanism in top clay for T3FL at full embedment a) Soil displacement 

vectors , b) Normalised horizontal contours & c) Normalised vertical contours (x axis-horizontal 

coordinates in model mm, y axis- vertical coordinates in model mm) 
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Figure 5-36 Soil flow mechanisms near the top of sand for T2FL a) d = -5.01 mm & b) d = 0 mm (x 

axis-horizontal coordinates in model mm, y axis- vertical coordinates in model mm) 

 

Figure 5-37 Soil flow mechanisms near the top of sand for T5FL (Hs/D = 0.33) at d = -4.18 mm (x 

axis-horizontal coordinates in model mm, y axis- vertical coordinates in model mm) 
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Figure 5-38  Soil flow mechanisms near the top of sand for T6FL (Hs/D = 1.0) at d = -5.06 mm (x 

axis-horizontal coordinates in model mm, y axis- vertical coordinates in model mm) 
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Figure 5-39  Peak bearing capacity mechanisms for flat foundation tests a) T1FL, b) T2FL & c) T3FL (x axis-horizontal coordinates in model mm, y axis- vertical 

coordinates in model mm) 
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Figure 5-40 Peak bearing capacity mechanisms for flat foundation tests a) T4FL, b) T5FL  & c) T6FL (x axis-horizontal coordinates in model mm, y axis- vertical 

coordinates in model mm) 
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Figure 5-41 Incremental shear strain distribution at peak and Bolton’s (1986) dilitancy angle ψ a) T1FL, b) T2FL, c)T3FL, d) T4FL, e) T5FL & f) T6FL (x axis-horizontal 

coordinates in model mm, y axis- vertical coordinates in model mm) 
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Figure 5-42 qpeak  comparison for flat and spudcan foundation a) qpeak against Hct/D and b) qpeak 

against Hs/D 
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Figure 5-43  qpeak against dpunch for flat and spudcan foundation 
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Figure 5-44 dpunch against a) Hct/D and b) Hs/D for flat and spudcan foundation
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Figure 5-45 Definition of Heff and Hc 

 

 

Figure 5-46 Comparison of the effective height of sand shearing (Heff) at peak 
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Figure 5-47 Evaluating the entrapped clay height Hc 
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Figure 5-48  Summary of idealised failure mechanisms in clay-sand-clay 
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CHAPTER 6.  FOUNDATION PENETRATION RESISTANCE 

IN CLAY-SAND-CLAY: EXPERIMENTAL OBSERVATIONS 

6.1 INTRODUCTION 

This chapter presents experimental procedures and results for 15 full model tests (12 

spudcan and 3 flat foundation tests) in clay-sand-clay soils in the UWA drum centrifuge. 

Detail experimental procedure employed in the UWA drum is described first followed by 

the results and discussions of the spudcan load-penetration responses. Effects of soil layer 

heights and foundation size on the penetration resistances are discussed with additional 

remarks on the resulting maximum punch-through depth. The flat foundation tests are to 

study the foundation shape effect on their penetration resistances. 

6.2 TEST DETAILS 

 Foundation geometry  6.2.1.

Table 6-1 summarises the dimensions of the spudcan and flat foundations tested. Figure 6-1 

& Figure 6-2 provide illustrations of the foundation geometries tested. The spudcan 

foundation is of the Marathon Le Tourneau design class widely tested in the centrifuge at 

UWA (e.g. Hu et al., 2014) as described by Menzies & Roper (2008). The flat foundations 

tested are the same as those used by Lee (2009) where the underside of the foundation is 

curved with a radius of curvature of 420 mm, in order to approximately match the curved 

sample surface in the full channel of drum centrifuge. The spudcan foundations have model 

diameters (D) of 30, 40, 50, 60 and 80 mm. The three flat foundations had D of 30, 60 and 

80 mm respectively.  

 Penetration speed (v) 6.2.2.

Same as the consideration of foundation penetration speed in the PIV tests described in 

Chapter 4, the foundation speed v was calculated in order to achieve drained response in 

sand and undrained response in clay. Table 6-2 summarises the penetration speed for the 

full model tests. 
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 Test layout & sequence of testing 6.2.3.

Figure 6-3 depicts the test layout of the foundations along the full drum channel (see Figure 

6-4 for digital image of the foundations). The full drum channel testing space is divided 

into three sections, namely Sections a, b & c in Figure 6-3. Each section has the same 

bottom clay height but different top clay (Hct) and sand heights (Hs). To study the conical 

shape effect, a single flat foundation test was conducted in each of the sections, with the 

same diameter as one of the corresponding spudcan tests for comparison.  

In each of the sections, smaller foundations were tested first to minimise the impact of soil 

disturbance on the subsequent larger foundations. To reduce the lateral boundary effect all 

foundation tests were placed in the middle of the channel. To minimise the interaction 

between the foundation tests, the centre of the foundations were placed such that they were 

at least 3D apart.   

6.3 SAMPLE PREPARATION 

 Preparing the underlying clay layer 6.3.1.

Preparation of the underlying clay layer followed a similar methodology as that described 

in Chapter 4 for the PIV tests. The same UWA Kaolin clay was used with properties 

described in Table 4-3 of Chapter 4. Rather than using strongboxes as in the PIV 

experiments, the prepared clay slurry was directly poured at 20g into the drum channel (pre 

fitted with an interior geo fabric filter to provide drainage during consolidation). The clay 

slurry was consolidated under an acceleration of 300g and intermittently more slurry and 

water were replenished until a clay height of ~173 mm was achieved. The centrifuge was 

then ramped down to 200g and T-bar penetration tests were performed to assess the 

strength of the clay. The top 53 mm of clay was then scraped using a scraper leaving a 

bottom clay height of 120 mm. Figure 6-5 shows the clay scraping apparatus. All 

penetration tests were performed at 200g, leaving the clay in an over-consolidated (OC) 

state. This followed the ‘step zero’ approach described in Chapter 4, so that the underlying 

clay was sufficiently strong facilitating measurement of the punch-through depth (dpunch) 

within the available depth of the drum centrifuge channel. The effect of variable OCR was 

taken into account using the classical Ladd’s equation described in Chapter 5 (Section 
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5.2.2). The water depth during the tests varied from a minimum of ~20 mm to a maximum 

of 40 mm depending on the top soil layer heights.    

  Preparing the sand layer 6.3.2.

After scraping of the bottom clay, a geo-fabric blanket was placed on top of the clay before 

spreading sand above the blanket for the designed surcharge loading. 50 mm of UWA super 

fine silica sand was pluviated through water (to reduce dust) with the aid of an automated 

sand wave form generator at 20g (Figure 6-6).  The centrifuge was then ramped up to 200g 

to establish the surcharge under elevated gravity for the desired further consolidation of the 

clay under penetration test conditions.  

After surcharge establishment of the bottom clay, the sand was removed by removing the 

fabric blanket while the centrifuge was stationary. A fresh sand layer was then placed 

directly above the bottom clay using the same sand actuator (Figure 6-6) to the maximum 

design depth of the Sections a, b & c (see Figure 6-3). This would allow the top clay to be 

scraped back for subsequent test sections with thinner top clay depths. 

 Preparation of the top clay layer & different layer geometry 6.3.3.

The Kaolin clay slurry (water content = 125%) was poured in stages on top of the sand 

layer with the clay placement actuator under 20g.  The water content of the slurry was 

slightly higher than that conventionally used at UWA (120%, twice the liquid limit of 

Kaolin) for uniform clay (Hossain,  2008) or sand over clay (Lee, 2009). This was to 

minimise the sand layer disturbance as clay was directly poured on to it.  

The centrifuge was then ramped up to 200g to allow for consolidation. After full 

consolidation, the excess clay was scraped off to give the planned maximum top clay height 

of the Sections a, b & c.  

Prior to penetration tests the centrifuge was ramped up to 200g and sufficient time was 

allowed for the pore pressures in the soils to equilibrate.  Section a was planned to have the 

maximum top clay (Hct) and sand layer height (Hs), hence penetration tests on  Section a 

were commenced first.  After all the foundation tests in Section a were finished, the channel 

was ramped down and the full top clay and a portion of the sand were scraped off to 
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prepare soil layer profile of Section b with intermediate sand height and top clay height. 

The top clay placement procedure described above was then repeated to achieve a fresh 

clay layer height equal to that required for section b. Foundation penetration test were then 

commenced on Section b at the prescribed penetration speed (Table 6-2).     

After finishing the tests in Section b, the top clay was scraped again to prepare the soil 

layer profile of Section c. Since the planned sand heights (Hs) for Sections b and c were the 

same, there was no sand scraping was needed.  

According to the procedures described above, three different soil layer profiles were 

created in three different sections of the full drum centrifuge channel. This was to ensure 

that the practical range of soil layer profiles was covered economically. 

6.4 POST TEST CONSIDERATIONS 

The top clay sample was extracted from several locations of the test area with weight and 

moisture content recorded for unit weight calculation (Figure 6-7). The top clay was then 

removed to assess the sand properties.  

After removing the top clay and sand, T-bar penetration tests were carried out in each 

section of the centrifuge to assess the undrained shear strength of the bottom clay layer. A 

typical T-bar used in the experiments is shown in Figure 6-8. The short extended portion of 

the shaft (just above the cylinder) is believed to have a negligible influence on the 

measured clay strength.  Figure 6-9 shows the calibration performed for the T-bar.  

After removal of the top clay, three relatively undisturbed sand samples -one from each 

section -were collected using a 38 mm diameter sampling tube to measure the relative 

density volumetrically. The unit weight was then assessed based on the moisture content 

measurements. The remaining sections discuss the various results obtained. 
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6.5 GEOMETRY AND MATERIAL STRENGTH PROPERTY 

RESULTS 

 Foundation size and layer heights 6.5.1.

Table 6-3 displays all the foundation diameters and layer heights in both model and 

prototype scales.  In the following discussions, the prototype scales are used. The 

nomenclature of different terms was given in Chapter 5. The foundation diameter (D) 

varied from 6-16 m. Hct varies as 4-6.42 m and Hs of 4-6.25 m. The normalised top clay 

height Hct/D varied as 0.25-1.07, and the normalised sand height Hs/D of 0.25-1.04. This 

covers almost all the practical ranges of spudcan geometries and soil layer profiles where 

punch-through failure is a possibility (Lee, 2009).  

 T-bar response 6.5.2.

As noted before, T-bar penetration tests were carried out in a single layer of clay bed before 

the multilayer profiles were established (i.e. pre T-bar test). The T-bar tests were also 

conducted in the bottom clay after removing the top clay and mid sand layers when 

foundation penetration test were completed (i.e. post T-bar test). The pre T-bar tests are 

more representative of the undrained strength of the top clay layer. And the post T-bar tests 

naturally represent of the undrained strengths of the bottom clay layer, where layer 

settlement (if any) and strength enhancement induced by the thick surcharge sand layer are 

taken into account. T-bar factor (NT-bar) of 10.5 was used in clay strength interpretation with 

the load reference point taken at the centre of the T-bar. 

T-bar in top clay 

Figure 6-10 shows the pre T-bar responses in the single layer of clay bed along with the 

fitted OCR equation. Note that both the top clay layer consolidation and foundation 

penetration tests were conducted at an acceleration of 200g. However, as some top potion 

of the clay layer was scraped, the top clay was in a slightly over consolidated state. Though 

some fluctuations in the T-bar tests exist due to the sample top-up process during 

consolidation, the overall response is steady with a linear increase in strength with depth. 

The relatively low values of the fitting parameters a = 0.07 & b = 0.70 indicate a very soft 

clay with sum being 0.2-0.3 kPa and ρct of 0.5-0.6 kPa/m (Table 6-3). 
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T-bar in bottom clay 

The T-bar test results in all three test sections of the drum centrifuge channel are shown in 

Figure 6-11. The fitted a and b parameters are within the range of 0.21-0.25 and 0.80-0.83 

respectively. The higher values of parameters a & b indicate the stronger bottom clay layer 

than the top clay layer. The theoretical estimates of Bolton & Stewart (1994) and 

Gourvenec et al., (2009) underestimate the measured strength due to lower values of a and 

b parameters. The deduced in flight clay intercept strength at the sand-bottom clay interface 

is in the range of subi = 22.6 ~ 24.6  kPa, and strength gradient is in the range of ρcb = 2.2 ~ 

2.5 kPa/m. They are also listed in Table 6-3.  

The top clay strength measured is comparatively lower than that measured in the PIV tests 

reported in Chapter 5. In Chapter 8 it is shown that the top clay resistance, prior to any 

influence from the sand layer can be well predicted using a single layer clay solution 

available in the literature. This indicates that the overall mechanisms observed in Chapter 5 

and that for relatively softer clay of this chapter might not be significantly different, or 

assuming any difference in mechanism will still give comparable resistance.  

 Sand relative density (ID) and unit weight (γ's) 6.5.3.

Three relatively undisturbed sand samples were extruded using a 38 mm diameter sampling 

tube. The relative densities were measured volumetrically with an average of ID = 51% and 

a standard deviation of 4.27%. This indicates a medium dense sand. The average effective 

unit weight was obtained as γ's = 10.14 kN/m
3
. 

 Unit weight of clay (γ'c) 6.5.4.

Top and bottom clay samples were collected using a tube sampler. The moisture contents of 

the samples were measured as a base of the clay effective unit weight calculations. The 

corresponding effective unit weights were calculated as top γ'ct  = 6.61  and bottom γ'cb = 

7.63 kN/m
3 

as an average. 

6.6 SPUDCAN LOAD PENETRATION RESPONSE  

The load-penetration response of a spudcan is presented in terms of nominal bearing 

pressure qnom and penetration depth d. qnom is defined as:  
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Where, V is vertical soil resistance measured by the attached load cell in kN (corrected for 

buoyancy). D is the prototype diameter in m. The load reference point is taken at the 

maximum bearing area of the foundation. 

Figure 6-12 depicts the qnom-d profile for the 15 centrifuge full model penetration tests (12 

spudcan and 3 flat foundations). The general characteristics of penetration responses in 

clay-sand-clay were discussed in detail (see Chapter 5) and not repeated here. The majority 

of the tests showed propensity towards punch-through or run-out type failure.  

The responses suggest that a lower D (or higher Hs/D ratio) causes greater qpeak and vice 

versa. Similar trend have been reported by other centrifuge researchers (Teh et al., 2010; 

Lee et al., 2013; Hu et al., 2014).  

Responses in general showed some form of reduction as the foundation penetrates into the 

bottom clay layer. However, for flat foundations at small Hs/D ratios (Hs/D = 0.25) 

monotonically increasing resistances were found (see tests 60bFL, D = 12 m and 80cFL, D 

= 16 m in Figure 6-12b & Figure 6-12c respectively). The gradient of resistance increase is 

higher for the foundation with greater diameter (80cFL, D = 16 m). With small Hs/D ratios, 

the bearing capacity in the sand layer is dependent more on the bottom clay strength and 

less on the sand shearing due to the relatively shorter shear planes compared to thicker 

sand.  This effect coupled with less progressive failure in sand for the flat circular 

foundation causes the resistance to keep rising (reflecting the impact of the strength of the 

underlying clay appearing much earlier). The same trend can also be seen for the very 

dense sand over clay data presented by Lee et al. (2013) (see Figure 11 and Figure 12 of 

Lee et al. (2013): D = 16 m, Hs of 4.8 m (Hs/D = 0.30) and 3.4 m (Hs/D = 0.21) 

respectively).      

 Peak bearing capacity (qpeak) 6.6.1.

qpeak values are tabulated in Table 6-4. For monotonically increasing profiles, qpeak is 

defined at 0.12Hs, which is the foundation location with its peak capacity. This peak 

position was also proposed by Teh (2007) and validated via further experiments by Hu et 

nom 2

V
q

D / 4



 

 

                                                                          (6-1) 



Jackup Foundation Punch-Through                                         Centre for Offshore Foundation Systems  

in Clay with Interbedded Sand                                                              The University of Western Australia 

6-8 

 

al. (2014). qpeak is plotted against the  prototype foundation area in Figure 6-13, showing a 

reducing trend with increasing area. 

6.7 EVALUATION OF RESISTANCE RESPONSE PROFILES 

All experiments in the following sections are described and discussed in terms of the 

prototype geometries. 

 Effect of foundation size (D) on load penetration response 6.7.1.

For constant layer geometry, decreasing the foundation size D (i.e. increasing Hs/D) causes 

a very sharp peak response followed by significant peak attenuation (see for example 

Figure 6-12a, test 30aSP). For greater D the severity of the punch-through failure is 

reduced but not eliminated.   

 Effect of sand height (Hs) on load penetration response 6.7.2.

Tests between Section a and b are compared where Hct is similar but Hs differs. Figure 6-14 

shows the effect of Hs for D of 16 m, 12 m & 6 m for tests performed in Section a and b of 

the drum centrifuge. By increasing Hs by 2.25 m, qpeak progressively increases by 15% for 

D = 16 m and ~ 30% for the D = 12 m & 6m foundations. This indicates that the effect of 

sand is more pronounced for smaller foundations (greater Hs/D ratio).  

The nature of the response in sand is dependent on the Hs/D ratio. For greater foundation 

size of D = 16 m and 12 m with Hs = 4 m (test 80bSP & 60bSP: Hs/D = 0.25 and& 0.33, 

Figure 6-14a and Figure 6-14b) the resistance curve has a flat plateau with no peak 

attenuation. For the smaller foundation size of D = 6 m, slight reduction is observed beyond 

peak as foundation enters the bottom intercept (test 30bSP of Figure 6-14c). On the other 

hand, for Hs of 6.25 m all three foundations show post peak attenuation with progressively 

sharper reduction for smaller foundations (tests 80aSP, 60aSP and 30aSP of Figure 6-14). 

Resistance near the top of sand is stiffer for greater Hs compared to smaller Hs. This is 

because a thick sand layer provides more resistance than a thinner layer of comparable 

properties. Hence, as the PIV tests showed, clay resistance near the top of sand is 

dependent on the properties of the bottom layers. Similar trends are seen in the data 

presented recently by Hossain (2014). 
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 Effect of top clay height (Hct) on load penetration response 6.7.3.

Tests between Section b and c are compared where Hs is identical but Hct differs. Figure 

6-15 shows the effect of Hct for D of 16 m, 8 m & 6 m for tests conducted in Section b and 

c of the drum centrifuge where Hs is 4 m. By increasing Hct by 2.32 m, qpeak increases by 

7%, 10% & 19% for D =16 m, 8 m & 6 m respectively. Hence, similar to the effect of 

Hs/D, effect of Hct is more prominent for smaller D (greater Hct/D).  

Similar to the effect of Hs/D, the nature of the curve is also dependent on Hct/D. Smaller 

Hct/D induces almost constant resistance within the sand (test 80bSP, 80cSP & 40cSP; 

Figure 6-15a & Figure 6-15b). Whereas, greater Hct/D tend to show post peak reduction in 

response (test 40bSP, 30bSP & 30cSP; Figure 6-15b & Figure 6-15c). This is probably 

because for the same Hs/D, greater Hct/D cause greater vertical stresses within the sand. 

Resulting in greater peak resistance and increase in the relative strength ratio of the sand 

and the underlying clay, causing relatively sharper post peak reduction.      

To summarise, analysing Figure 6-14 & Figure 6-15 , for medium dense sand (ID =51%) 

two type of response is identified: 

 For Hct/D ≥ 0.40 & Hs/D ≥  0.40 : Peak attenuating response with  punch-through or 

a combination of punch-through and leg run results (Type I).  

 

 For Hct/D ≤ 0.53 & Hs/D < 0.40: No significant peak attenuation occurs with leg 

run being most common (Type II).  

Apart from the normalised layer heights, the mode of response is dependent on the bottom 

clay strength at the intercept (subi) and the sand relative density (ID). Generally, softer 

bottom clay will induce Type I response and relatively stronger bottom clay generates Type 

II response. On the other hand, dense sands cause Type I response and loose sands Type II. 

However, for very small Hs/D ratios (typically   < 0.30), the effect of sand density might 

not be that apparent with Type II response or monotonically increasing response may take 

place irrespective of sand density. The effect of sand density is further discussed below.  
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 Sand density (ID) effect on load penetration response 6.7.4.

Effect of two different sand densities (ID of 51% (test 30cSP) and 74% (test T2SP)) are 

compared in Figure 6-16 for similar geometry (see Table 5-1 of Chapter 5 for T2SP test 

details). The density has notable influence on qpeak and on the nature of response in sand. 

Medium dense sand (ID = 51%) causes less peak attenuation compared to sharp post peak 

reduction for relatively dense sand (ID = 74%). This changes the nature of punch-through 

failure. In medium dense sand, up to the vicinity of the bottom layer intercept, leg run-out 

would occur first, followed by punch-through. On the other hand, dense sand induces 

punch-through from onset of peak. Though dpunch is about a metre lower in the dense sand 

case, punch-through is potentially more dangerous due to sharp post-peak attenuation of the 

penetration resistance.      

6.8 PUNCH-THROUGH DEPTH (dpunch) 

Table 6-5 summarises dpunch for all the tests. Figure 6-17 plots the peak resistance against 

dpunch showing dpunch increases with qpeak. The slope of the line on the qpeak-dpunch plane may 

work as a severity indicator suggesting that per 100 kPa increase in qpeak, dpunch increases by 

~3m. 

dpunch is further plotted against the normalised layer heights in Figure 6-18. This shows that 

dpunch increases with both Hs/D and Hct/D and is better correlated with Hs/D than Hct/D. 

Notice the slope of the fitted line is greater against Hs/D as sand being the stronger material 

has profound influence on dpunch. The fitted equations are intended to be only indicative and 

not to be used for design purposes. 

In essence, the punch-through depth is a function of qpeak in the sand layer and the bearing 

capacity of the underlying clay, where stronger bottom clay would reduce dpunch and vice 

versa. A more complete evaluation of dpunch will be given in Chapter 8. 

6.9 EVALUATION OF BOUNDARY EFFECTS IN TESTS 

The lateral boundary effect on spudcan penetration response in layered soils has been 

studied in details in Chapter 3 using LDFE analysis. The spudcan was penetrated into two 

layer (sand over clay) soils. A design chart (Figure 3-21) was developed for centrifuge 
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modellers to avoid lateral boundary effects during penetration tests. The current tests are 

spudcan foundation on three layer soils (clay-sand-clay). Since the top clay layer plays a 

role of surcharge, which will constrain the lateral movements of the sand and clay layers 

underneath, it is expected that the design chart (Figure 3-21) can still serve as a guideline to 

evaluate the lateral boundary effects. 

Figure 6-19 has re-plotted the design chart of Figure 3-21. The current soil layer profiles 

(ignoring the top clay layer) of 27 foundation penetration tests (15 full foundations of this 

chapter and 12 half foundation PIV tests of Chapter 4) are also plotted on the chart. 

The lateral boundary roughness conditions in the experiments were not evaluated 

separately. The soil was in contact with the geo-fabric blanket placed for drainage 

purposes.  It is believed that the roughness condition of the wall is neither fully rough nor 

fully smooth but intermediate. It is seen that majority of the data points lie within or above 

the recommended bounds. Therefore, it is deemed that the resistance measured are not 

significantly affected by the lateral wall of the centrifuge.       

The bottom boundary was evaluated on all the 27 tests (15 tests of this chapter and 12 tests 

of Chapter 4) by catering for the entrapped clay plug in the developed expression for dBE 

(see Chapter 3). It was found that the position of dpunch when measured from the bottom of 

the centrifuge was always greater than dBE (depth of bottom boundary effect). As discussed 

in Chapter 8, the bottom bearing capacity factor Nc is taken at 0.5D of penetration beyond 

the bottom intercept, where the resistance is not affected by the bottom boundary.     

6.10 SUMMARY 

This chapter provided experimental results of 15 centrifuge tests on clay-sand-clay 

stratigraphy in medium dense sand.  The following conclusions can be made, 

 Majority of the responses showed  punch-through with dpunch varying from around 

4-16 m.  

 qpeak increased with both the normalised top clay (Hct/D) and sand height (Hs/D). In 

general, higher Hct/D and Hs/D induces peak attenuating type response resulting in 

punch-through of the foundation. On the other hand, lower Hct/D and Hs/D ratios 

promote run out type failure with near constant resistance within the sand. 
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 It was found that for medium dense sand (ID  = 51%) the limiting ratio of Hct/D and 

Hs/D causing the change in mood of response could be taken as 0.40. The sand 

relative density and underlying clay strength also influence the response 

characteristics. 

 Comparing the penetration resistances presented in Chapter 5 with relatively dense 

sand (ID = 74%) and for medium dense sand of this chapter suggests that for dense 

sand, in majority of the cases a cut back (post peak reduction) within the sand layer 

is observed. For medium dense sand the resistance can remain constant up to 

around mid-depth of the sand layer then gradually reduce as foundation enters the 

bottom clay. Overall the key points of the penetration resistance curves are identical 

and may be predicted using a single analytical model, which correctly accounts for 

the stress level dependency of the sand friction and dilation angle.  

 

The half foundation data of Chapter 5 and full foundation data presented in this 

chapter is collectively used to develop and verify the peak punch-through model in 

the next chapter. 
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Table 6-1  Spudcan & Flat foundation geometry for full foundation test 

 

*The geometric parameters ds, t1, t2, t3 & t are defined in Figure 6-1 and Figure 6-2 

 

 

 

 

 

 

Type of 

foundation 

D (mm , m) ds*(mm , m) t1 (mm , m) t2 (mm , m) t3 (mm , m) t (mm , m) 

 

 

 

 

 

Spudcan 

30 , 6 14.60 , 2.92 4.30 , 0.86 7.00 , 1.40 1.75 , 0.35 1.50 , 0.30 

40 , 8 14.60 , 2.92 5.75 , 1.15 9.35 , 1.87 2.90 , 0.58 1.50 , 0.30 

 50 , 10  14.60 , 2.92 7.20 , 1.44 11.65 , 2.33 4.05 , 0.81 1.50 , 0.30 

60 , 12 14.60 , 2.92 8.65 , 1.44 14.00 , 2.80 5.35 , 1.07 1.50 , 0.30 

70 , 14 14.60 , 2.92 10.10 , 2.02 16.35 , 3.27 6.35 , 1.27 1.50 , 0.30 

80 , 16 14.60 , 2.92 11.50 , 2.30 18.65 , 3.73 7.50 , 1.50 1.50 , 0.30 

 

 

       Flat 

       30 , 6  14.60 , 2.92 - - - 2.73, 0.55 

60 , 12 14.60 , 2.92 - - - 5.93, 1.19 

80 , 16 14.60 , 2.92 - - - 7.09, 1.42 
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Table 6-2 Foundation penetration speed (v) in full drum centrifuge tests 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* First number represents the diameter in model scale, the second alphabet a, b or c denote the test section 

and the last two capital letters denote the foundation type. SP= Spudcan & FL=Flat.  

Test Section Test Name* 
D 

(mm,m) 

v  

(mm/sec) 

Section a 

80aSP 80 , 16 0.095 

70aSP 70 , 14 0.109 

60aSP 60 , 12 0.127 

50aSp 50 , 10 0.152 

30aSP     30 , 6 0.254 

30aFL     30 , 6 0.254 

Section b 

80bSP  80 , 16 0.095 

60bSP  60 , 12 0.127 

40bSP     40 , 8 
0.190 

30bSP     30 , 6 
0.254 

60bFL 60 , 12 
0.127 

Section c 

80cSP 80 , 16 
0.095 

40cSP    40 , 8 
0.190 

30cSP    30 , 6 
0.254 

80cFL    80 , 16 
0.095 
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Table 6-3 Geometry and material properties 

 

* First number represents the diameter in model scale, the second alphabet a, b or c denote the test section and the last two capital letters denote the foundation type. SP = 

Spudcan & FL= Flat.  ** Based on average moisture content.  

Test 

Section 

Test 

Name* 

D 

(mm,m) 

Hct 

(mm,m) 

Hs 

(mm,m) 

Hcb 

(mm,m) 

Hct/D 

(-) 

Hs/D 

(-) 

sum 

(kPa) 

ρct 

(kPa/m) 

suti 

(kPa) 

subi 

(kPa) 

ρcb 

(kPa/m

) 

φcv 

(o) 

ID 

(%) 
γ's 

(kN/m3) 

γ'ct
** 

(kN/m3) 

γ'cb
** 

(kN/m3) 

S
ec

ti
o

n
 a

 

80aSP 80 , 16 32.10 , 6.42 31.27 , 6.25 120 , 24 0.40 0.39 0.2 0.5 3.40 22.6 2.2 31 51 10.14 6.61 7.63 

70aSP 70 , 14 32.10 , 6.42 31.27 , 6.25 120 , 24 0.46 0.45 0.2 0.5 3.40 22.6 2.2 31 51 10.14 6.61 7.63 

60aSP 60 , 12 32.10 , 6.42 31.27 , 6.25 120 , 24 0.54 0.52 0.2 0.5 3.40 22.6 2.2 31 51 10.14 6.61 7.63 

50aSp 50 , 10 32.10 , 6.42 31.27 , 6.25 120 , 24 0.64 0.63 0.2 0.5 3.40 22.6 2.2 31 51 10.14 6.61 7.63 

30aSP 30 , 6 32.10 , 6.42 31.27 , 6.25 120 , 24 1.07 1.04 0.2 0.5 3.40 22.6 2.2 31 51 10.14 6.61 7.63 

30aFL 30 , 6 32.10 , 6.42 31.27 , 6.25 120 , 24 1.07 1.04 0.2 0.5 3.40 22.6 2.2 31 51 10.14 6.61 7.63 

S
ec

ti
o

n
 b

 

80bSP 80 , 16 31.58 , 6.32 20.00 , 4.00 120 , 24 0.39 0.25 0.2 0.5 3.3 24.6 2.4 31 51 10.14 6.61 7.63 

60bSP 60 , 12 31.58 , 6.32 20.00 , 4.00 120 , 24 0.53 0.33 0.2 0.5 3.3 24.6 2.4 31 51 10.14 6.61 7.63 

40bSP 40 , 8 31.58 , 6.32 20.00 , 4.00 120 , 24 0.79 0.50 0.2 0.5 3.3 24.6 2.4 31 51 10.14 6.61 7.63 

30bSP 30 , 6 31.58 , 6.32 20.00 , 4.00 120 , 24 1.05 0.67 0.2 0.5 3.3 24.6 2.4 31 51 10.14 6.61 7.63 

60bFL 60 , 12 31.58 , 6.32 20.00 , 4.00 120 , 24 0.53 0.33 0.2 0.5 3.3 24.6 2.4 31 51 10.14 6.61 7.63 

S
ec

ti
o

n
 c

 

80cSP 80 , 16 20.00 , 4 20.00 , 4.00 120 , 24 0.25 0.25 0.3 0.6 2.6 23 2.5 31 51 10.14 6.61 7.63 

40cSP 40 , 8 20.00 , 4 20.00 , 4.00 120 , 24 0.50 0.50 0.3 0.6 2.6 23 2.5 31 51 10.14 6.61 7.63 

30cSP 30 , 6 20.00 , 4 20.00 , 4.00 120 , 24 0.67 0.67 0.3 0.6 2.6 23 2.5 31 51 10.14 6.61 7.63 

80cFL 80  , 16 20.00 , 4 20.00 , 4.00 120 , 24 0.25 0.25 0.3 0.6 2.6 23 2.5 31 51 10.14 6.61 7.63 
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Table 6-4 Peak bearing capacity (qpeak) 

 

* First number represents the diameter in model scale, the second alphabet a, b or c denote the test section and 

the last two capital letters denote the foundation type. SP= Spudcan & FL=Flat.  

** Measured at 0.12Hs 

 

 

 

 

 

Test 

Section 

Test 

Name* 

D 

(m) 

Hct 

(m) 

Hs 

(m) 

Hct/D Hs/D        qpeak 

(kPa) 

Section -a 

80aSP 16 6.42 6.25 0.40 0.39 602.33 

70aSP 14 6.42 6.25 0.46 0.45 632.42 

60aSP 12 6.42 6.25 0.54 0.52 646.02 

50aSp 10 6.42 6.25 0.64 0.63 630.31 

30aSP 6 6.42 6.25 1.07 1.04 838.42 

30aFL 6 6.42 6.25 1.07 1.04 847.67 

Section -b 

80bSP 16 6.32 4.00 0.39 0.25 523.70 

60bSP 12 6.32 4.00 0.53 0.33 494.91 

40bSP 8 6.32 4.00 0.79 0.50 555.05 

30bSP 6 6.32 4.00 1.05 0.67 645.85 

60bFL 12 6.32 4.00 0.53 0.33 443.69** 

Section -c 

80cSP 16 4.00 4.00 0.25 0.25 489.40 

40cSP 8 4.00 4.00 0.50 0.50 504.00 

30cSP 6 4.00 4.00 0.67 0.67 540.16 

80cFL 16 4.00 4.00 0.25 0.25 357.45** 
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      Table 6-5 Punch-through depth (dpunch) 

Test Section Test Name 

 

Hct/D 

 

Hs/D 

 

dpunch (m) dpunch   

(mm) 

Section –a 

80aSP 0.40 0.39 7.0 35 

70aSP 0.46 0.45 7.8 39 

60aSP 0.54 0.52 10.4 52 

50aSp 0.64 0.63 11.4 57 

30aSP 1.07 1.04 15.8 79 

30aFL 1.07 1.04 15.4 77 

Section –b 

80bSP 0.39 0.25 4.1 20.5 

60bSP 0.53 0.33 4.9 24.5 

40bSP 0.79 0.50 8.1 40.5 

30bSP 1.05 0.67 10 50 

60bFL* 0.53 0.33 - - 

Section –c 

80cSP 0.25 0.25 5.0 25 

40cSP 0.50 0.50 5.4 27 

30cSP 0.67 0.67 9.6 48 

  80cFL* 0.25 0.25 - - 

             * Monotonically increasing resistance profile, no punch-through failure observed 
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Figure 6-1 Spudcan foundation geometry (see Table 6-1 for model and prototype dimensions) 

 

 

Figure 6-2 Flat foundation geometry (see Table 6-1 for model and prototype dimensions)
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Figure 6-3  Test location for 15 full foundation tests in the drum centrifuge
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Top view

Side view
 

Figure 6-4  Photograph of the foundations tested 

Clay surface

PVC plate scraper

Clamps to hold 

scraper in position

 

 

Figure 6-5 Clay scraping procedure in the drum centrifuge 
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Figure 6-6 Illustration of the sand actuator inside the drum centrifuge 

 

  

Figure 6-7 Post-test view of Section-c of the drum centrifuge with sample collection points 
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Figure 6-8 Typical T-bar penetrometer used to assess the undrained shear strength (su) of clay 

 

Figure 6-9 Calibration of the T-bar prior testing 

L=20 mm

5 mm
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Figure 6-10 T-bar tests in top soft clay 
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Figure 6-11 T-bar tests in bottom clay 
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Figure 6-12 Load penetration response of 15 foundation tests in clay-sand-clay stratigraphy a) 

Section a; b) Section b & c) Section c 
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Figure 6-13 qpeak against prototype area 
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Figure 6-14 Effect of sand height (Hs) on penetration response a) D = 16 m (model 80mm), b) D = 12 m (model 60mm) & c) D = 6 m (model 30mm) 
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Figure 6-15 a) Effect of top clay height (Hct) on penetration response a) D = 16 m (model 80 mm), b) D = 8 m (model 40 mm) & c) D = 6m (model 30 mm) 
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Figure 6-16  Effect of sand density (ID) on penetration response (D = 6m; model 30mm) 

 

Figure 6-17 Peak bearing capacity (qpeak) against the punch-through depth (dpunch) 
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Figure 6-18 a) dpunch vs Hs/D & b) dpunch vs Hct/D 
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Figure 6-19 Effect of lateral boundary on the centrifuge experiments 
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CHAPTER 7.  A NEW ANALYTICAL MODEL FOR 
SPUDCAN PEAK CAPACITY ON CLAY-SAND-CLAY SOILS 

7.1 INTRODUCTION 

This chapter presents an analytical model to predict the peak bearing capacity for spudcan 

foundation on three-layer clay-sand-clay soils. The model developed in this Chapter is 

based on the failure stress dependent model presented by Lee et al. (2013b) and improved 

by Hu et al. (2014) for sand overlying clay soils. The model for sand overlying clay soils is 

extended to include an extra clay layer above the sand layer.   

Before the development of mathematical formulations for the three-layer soil failure model, 

the performance of current assessment methods are reviewed. Existing methods include 

those adopted by the jack-up industry in the current design guidelines such as SNAME 

(2008) and ISO (2012), and the more recently developed models by Teh (2007) and Lee et 

al. (2013b) in predicting the peak bearing capacity is described. These existing models are 

developed for sand over clay stratigraphies. Some models can include the top clay layer as 

a surcharge loading above the sand (qo = Hctγ'ct), some model cannot include the surcharge 

term as easily. The discussions on these methods/models are detailed below.   

7.2 PERFORMANCE OF CURRENT ANALYTICAL MODELS IN 
PREDICTING PEAK BEARING CAPACITY (qpeak) 

 Methods used to assess qpeak 7.2.1.

Table 7-1 provides a list of all of the methods used to assess qpeak. The projected area (PA) 

method  (sometimes referred to as the load spread method) proposed originally by Terzaghi 

& Peck (1948) and the punching shear (PS) approach by Hanna & Meyerhof (1980) are still 

the most popular and dominate the industrial guidelines with slightly different forms. 

Discussions on all these methods of Table 7-1 were given in Chapter 2. The performance of 

these methods for spudcan on clay-sand-clay soils are discussed below. In order to cater for 

the soil with three-layer profiles, the surcharge on top of the sand (qo) is replaced by the top 

clay layer gravity as: 
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o ct ctq H '= γ  (7-1) 

  Projected area (PA) method  7.2.2.

The projected area (PA) method suggests an inclined shear plane in the sand layer (Figure 

2-18). The peak bearing capacity model was shown in Chapter 2 Section 2.5.1 with qpeak 

given in Equation 2-32. The performance of the method is strongly dependent on the 

projection angle αp (Figure 2-18).  The weight of the sand frustum between the bearing area 

on the surface of the bottom clay and the foundation base is taken into account. For 

assessment purposes, ISO (2011) and SNAME (2008) suggest a range of αp between 

11.31o-18.43o (corresponding to 1h:5v and 1h:3v respectively where, h: horizontal, v: 

vertical).  

The performance of this method against the experimentally measured qpeak is depicted in 

Figure 7-1. The method with both projection angles significantly underestimates qpeak with 

remarkably high skew angle (θ) of the regression line (measured with respect to the Line of 

Equality, LoE on the qpeak, measured vs qpeak, predicted plot, where the regression line is forced 

through the origin (see Figure 7-1a). The θ is measured as +23o for αp = 18.43o with a mean 

qpeak, measured/qpeak, predicted ratio as high as 2.48. The situation worsens when αp is 11.31o with 

θ being +27.43o and mean qpeak, measured/qpeak, predicted ratio is as high as 3.15 (Table 7-2). 

The underestimation of qpeak using the PA method is due to the neglect of any shear 

resistance along the shear planes in the sand frustum as observed in PIV experiments 

reported in Chapter 5. The situation is exacerbated by the relatively low projection angles 

suggested in ISO (2012) and SNAME (2008), where back calculation of projected angles 

from centrifuge tests are typically higher than 30o (Lee, 2009). Notice that, as no sand shear 

resistance is considered, the additional top clay layer does not contribute in any way to the 

capacity of the sand layer. It only increases the bottom clay bearing capacity by an amount 

Hctγ'ct (qo). Overall, the Projected Area method gives highly underestimates the peak soil 

resistance (Table 7-2), which will lead to overestimation of the depth of punch-through if 

the entrapped plug under foundations as observed in the PIV experiments of Chapter 5 is 

accounted for.  
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 Punching shear (PS) method 7.2.3.

The punching shear (PS) method, introduced by Hanna & Meyerhof (1980), suggests a 

vertical shear plane in the sand layer (Figure 2-19). However, the shear resistance 

developed along the vertical shear plane in the sand frustum is included in the qpeak 

calculations. Different implementations recommended by SNAME (2008) and ISO (2012) 

are discussed below. 

SNAME (2008) approach of punching shear method 

A punching shear coefficient Ks is required to estimate the contribution of sand shearing in 

the PS method.  Hanna & Meyerhof (1980) provided design chart in estimating Ks based on 

the works of Caquot & Kerisel (1948). Ks depends on the sand friction angle and the 

bearing capacity ratio (qclay/qsand). However, instead of utilising design charts to estimate 

Ks, SNAME (2008) suggested the following Equation 7-2 to be used at the onset of punch-

through (i.e. at qpeak): 

ubi
s

s

NsK tan '
' D

ϕ =
γ

  (7-2) 

  

A lower bound value of N = 3 is suggested by SNAME (2008). Hence, effectively, the sand 

frictional parameters are replaced by the clay strength parameters. The performance of this 

approach is shown in Figure 7-2a. The underestimation of qpeak is evident with mean qpeak, 

measured/ qpeak, predicted ratio of 2.53 with a large skew angle (θ) of +21.35o.  

Experiences with the SNAME (2008) and ISO (2012) equations when bottom clay strength 

increases with depth (ρcb ≠ 0) suggested gross underestimation when applied offshore in the 

Gulf of Mexico (see for instance ISO, 2012). This is acknowledged in both guidelines. And 

to improve the prediction capacity, an average su over 0.5D below the bottom sand-clay 

interface is recommended. 

To this effect, the punching shear method is recalculated with an average su over 0.5D 

below the bottom sand-clay interface. The performance is shown in Figure 7-2b. As 

expected, the performance is improved compared to taking su at the interface. The mean 
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qpeak, measured/ qpeak, predicted ratio is measured as 2.09 as compared to 2.53 previously. The 

skew angle reduces to +18.13o compared to +21.35o before (Table 7-2). 

Note that, there is no proper justification in taking an average su over 0.5D as the punching 

shear model itself is based on limit equilibrium taking su at the sand-clay interface. In this 

approach the sand frictional properties are completely ignored (by using Equation 7-2, 

violating the original punching shear approach of Hanna & Meyerhof, 1980).  

ISO (2012) approach of punching shear method 

Equation 7-2 is not advocated in ISO (2012).  A single design chart is provided to estimate 

the Ks parameter based on Hanna & Meyerhof (1980) for friction angle (φ') of 25o, 30o, 35o 

& 40o. Interpolation or extrapolation is required for any other friction angles. There is no 

guideline in choosing the operative friction angle φ' while estimating Ks. A constant 

volume friction angle was assumed (φ' = φcv). The performance of this is shown in Figure 

7-3a. The peak resistance is still grossly underestimated by this method. However, the 

prediction of qpeak is improved compared to the projected area approach discussed before. 

The mean qpeak, measured/qpeak, predicted ratio is measured as 2.08 with θ being +16.39o. The 

performance is better with an average su taken over 0.5D below bottom intercept (mean 

qpeak, measured/qpeak, predicted = 1.83 & θ = 14.72o) (see Figure 7-3b & Table 7-2). 

The punching shear approach in its various forms underestimates qpeak. There can be two 

fundamental reasons for this underestimation. Firstly, in the punching shear approach the 

shear planes are assumed vertical. However, based on PIV experiments reported earlier in 

Chapter 5, these planes are inclined at a particular angle from the vertical. The assumption 

of vertical shear planes also disregards extra capacity mobilised by the excess clay at the 

bottom sand-clay interface.  

Secondly, the failure stresses on the cylindrical plane is incorrectly modelled. It is to be 

noted that the punching shear equation was first developed for strip foundation and later 

extended for circular foundation through a shape factor Ss. Model tests of Hanna & 

Meyerhof (1980) on dense sand over soft clay found Ss to be within 1.10-1.27. For 

conservative design Ss was suggested as unity, which was later adopted in the offshore 

assessment guidelines. Hence, the method itself is designed to underestimate the peak. 
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Meyerhof & Hanna (1978) indicated that the conservatism is more pronounced for greater 

Hs/D ratios, more likely because the shape factor ss tends to be greater than unity for higher 

Hs/D ratios. 

Unlike the PA method, the effect of the top clay, as a surcharge, on sand shear resistance 

can be included in the PS method. 

 Method of Okamura et al. (1998) 7.2.4.

The method of Okamura et al. (1998) suggests an inclined shear plane in sand as well 

(Figure 2-21). The inclination angle is αc from the vertical. The performance of this method 

is significantly better than the previously discussed approaches (Figure 7-4). The mean 

qpeak, measured/ qpeak, predicted ratio is 0.83 with a negative skew angle of -7.19o and coefficient 

of variation (COV) of 0.182.  

The formula for projection angle αc (Equation 2-36) indicates that with increasing friction 

angle φ' in sand, αc tends to decrease. This contradicts the common understanding that a 

dense sand with higher φcv and therefore higher φ' is more effective in spreading the load 

(Lee, 2009). Lee (2009) showed that with a large database of two-layer sand over clay data 

(44 tests with very dense sand (ID = 0.88-0.99), two tests with medium density (ID = 0.58 & 

0.61) and one loose sand test (ID = 0.24)), on average the Okamura’s method overestimates 

qpeak by 31%. Lee (2009) attributed this to the greater αc values generated by this method, 

especially with denser sand layer (αc falling within the range of 15o-19.1o
 for the whole 

dataset of 47 tests). The high projection angle will in turn mobilise additional clay bearing 

capacity causing over prediction. Notice that the larger αc value of 19.1o was found for the 

loose sand test (ID of 0.24). Which is an apparent contradiction in this method as loose sand 

with lower friction angle and therefore lower dilitancy is expected to spread less compared 

to dense sand. Using Okamura’s (1998) method, Teh (2007) found the mean over 

prediction of qpeak is 35% for two-layer sand over clay stratigraphy.  

The Okamura’s method cannot reflect the true dependency of the sand operative friction 

angle in estimating qpeak. This is because the effects of the foundation diameter and the 

bottom clay intercept strength are independent of the friction angle in this method.  
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This is reflected in Figure 7-5, where it is seen that the operative friction angle is only a 

function of the layer heights (Hs and Hct) and not D (Figure 7-5a). Moreover, it is seen that 

the lower projection angles (αc) are obtained for dense sand layers compared to loose sand 

layers (Figure 7-5b) as was also found by Lee (2009) for foundations on sand overlying 

clay.    

This problem of inappropriate relationship between the operative friction angle (φ') and 

projection angles (αc) was overcome by Lee et al. (2013b). The operative friction angle was 

related to qpeak by modifying Bolton’s (1986) equations. It was hence possible to relate the 

failure stresses to the friction angle where foundation size effect and underlying clay 

strength effect were inherently incorporated, as qpeak is a function of both subi and D.      

Notice that the effect of bottom clay strength gradient (ρcb) on calculating Nc is taken into 

account using the solution by Houlsby & Martin (2003) (Nco ≈  6.34+0.56κ, where κ is the 

non-dimensional strength gradient).  

Similar to the SNAME (2008) and ISO (2012) approaches discussed before, no 

considerations are given for the conical shape of the spudcan, i.e. the spudcan and flat 

circular foundation are analysed in the same way. This contradicts the observations by Lee 

et al. (2013b) where the conical spudcan at qpeak behaves differently from a flat foundation. 

Hence, the shape effect was accounted for by using different distribution factors (DF) for 

each shape.  Lee’s method will be discussed in details later. 

Nevertheless, the Okamura method gives reasonable predictions with the mean qpeak over 

predicted by ~17%  with a standard deviation (SD) of qpeak, measured/ qpeak, predicted being  0.152 

with COV of 0.182 (Table 7-2).    

 Method of Teh (2007) 7.2.5.

The method of Teh (2007) is strictly applicable to sand over clay soils only, as no surcharge 

(qo) term was considered while developing the model. However, for comparison purposes, 

this method is extended here to incorporate the effective surcharge (qo = Hctγ'ct) as follows. 

According to Teh (2007), the foundation peak resisting force (Q) from soil is given as, 
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s cQ  Q Q W+= −   (7-3) 

 Where, Qs is the sand shearing resistance, Qc is the resistance contribution from the bottom 

clay and W is the weight of the sand frustum. The effect of the additional surcharge is to 

increase the sand shearing resistance and the bottom clay bearing capacity. The weight of 

the sand frustum is unaffected by the presence of the surcharge qo. The contribution of qo 

on Qs and Qc are evaluated separately below. 

Evaluating the sand shearing resistance, Qs 

Referring to Figure 7-6, Teh (2007) assumed that the stresses at the side of the sand frustum 

are in a passive state. Hence if N is the total normal force acting on the side of the frustum 

and Als is the lateral surface area of the sand frustum, then the Rankine’s effective passive 

earth pressure 
hp'σ can be written as, 

( )hp s p crit o p
dNσ' = = γ' K d +z +q K

dAls
 (7-4) 

  

Where, Kp is the Rankine’s passive earth pressure coefficient given as, 

p
1 sin 'K
1 sin '
+ ϕ

=
− ϕ

 
(7-5) 

 
 

Where φ' is the operative friction angle calculated through an iterative procedure via 

Bolton’s (1986) strength-dilitancy relationships. 

Now, Als is expressed as, 

( )ls
zA z tan D

cos
π

= ψ +
ψ

 
(7-6) 

  

Therefore, lsdA
dz

can be written as, 
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( )lsdA 2z tan D
dz cos

π
= ψ +

ψ
 

(7-7) 

  

Now using the chain rule: 

( ) ( )p s 2ls o
crit crit

ls s

K 'dA qdN dN . d z D 2z tan d 2z tan 2z tan D
dz dA dz cos '

π γ  
= = + + ψ + ψ + ψ + ψ γ 

 
 (7-8) 

  

The above equation can be integrated to give the total normal force on the slip plane N as, 

[ ]
( )

eff eff

2 3
crit eff eff crit eff eff

H H s p
00

o
eff eff

s

1 2d H DH d tan H tan H
2 3' KdN dz N

dz cos q H tan H D
'

  + + ψ + ψ   πγ  = =  ψ
 + ψ +
 γ 

∫  

   (7-9) 

 

The last term in the above equation contains the surcharge qo. The effect of which is to 

augment the total normal force N and therefore contribute to the sand shearing resistance. 

As in Teh’s (2007) method, the failure plane is a logarithmic spiral with the initial portion 

of this plane being inclined at an angle ψ (see Figure 7-6 & Figure 7-7, note that T is the 

resultant force in Figure 7-7). The vertical shear force in sand Qs can be evaluated as, 

( )

( )

2 3
crit eff eff crit eff eff

s p 2
s

2 o
eff eff

s

1 2d H DH d tan H tan H
2 3' K sin

Q
cos cos q H tan H D

'

  + + ψ + ψ   πγ ϕ −ψ  =  ϕ ψ
 + ψ +
 γ 

 

  (7-10) 

 

Where φ2 is defined as, 

( )2 cv
1 '
2

ϕ = ϕ +ϕ    (7-11) 

 Which is the mean of the operative and critical state friction angle. If qo is assumed zero in 

Equation 7-10 above, the equation reduces to that of Teh (2007). Also, note that the term ψ 

in this equation is not a dilitancy angle, rather it is a geometric term representing the initial 

inclination of the logarithmic failure surface and depends on Hs/D and qclay/qsand. Where 
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qsand is the bearing capacity of a foundation resting on sand alone and is given by the 

following: 

s
sand ,cone s o q,cone

'Dq N ( 'd q )N
2 γ

γ
= + γ +    (7-12) 

  

Where, d is the penetration depth corresponding peak with the bearing capacity factors 

Nγ,cone and Nq,cone defined in Teh (2007). 

Including the effect of the surcharge, qclay can be written as, 

clay co ubi oq N s q= +    (7-13) 

 Where, Nco is taken from Houlsby & Martin (2003) as, 

cb
co

ubi

DN 6.34 0.56
s

 ρ
= +  

 
 

  (7-14) 

  

Evaluating the clay bearing force at peak, Qc 

Considering the effect of the surcharge, Qc can be directly evaluated as, 

( ) 2 3 3 2
c co ubi s s o

0.5 2 1Q N s H ' q R R r R r
R r 3 3

  = π + γ + − + −  −   
 

  (7-15) 

  

Where R and r are geometric parameters obtained from charts provided in Teh (2007) 

which are introduced to take into account of the reduction in vertical bearing capacity of 

clay due to presence of inclined loading (Figure 7-6). Notice that Qc reduces to that of Teh 

(2007) without surcharge. 

The weight of the sand frustum (W) is not affected by the surcharge and can be written as: 

2
2

eff s
1 D DW H R R '
3 2 2

  = π + + γ  
   

 
  (7-16) 
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Now qo can be expressed in terms of the top clay height (Hct) and the effective unit weight 

of top clay ( ct 'γ ) as of Equation 7-1.  

Hence by putting the value of qo from Equation 7-1 to Equations 7-10 and 7-15 the final 

equation for peak bearing force Q from Equation 7-3 can be rewritten as, 

( )

( )

( )

2 3 3 2
co ubi s s ct ct

2 3
crit eff eff crit eff eff

s p 2

2 ct ct
eff eff

s

2
2

eff

0.5 2 1Q N s H ' H ' R R r R r
R r 3 3

1 2d H DH d tan H tan H
2 3' K sin

cos cos H ' H tan H D
'

1 D DH R R
3 2 2

  = π + γ + γ − + −  −   

  + + ψ + ψ   πγ ϕ −ψ  +  ϕ ψ γ + ψ +
 γ 

  − π + + 
  

s 'γ


 

  (7-17) 

 

 

If the top clay layer thickness, Hct is set to zero, the above equation reduces to that of Teh 

(2007) for sand over clay soil without surcharge. This shows the consistency of the newly 

derived equation which is used to assess the performance of Teh’s (2007) method against 

the three layer tests.  

Calculating φ2 in modified Teh method 

φ2 was defined earlier in Equation 7-11 as the average of the constant volume friction angle 

(φcv) and the operative friction angle φ'. In the iterative procedure involving Bolton (1986) 

equations suggested by Teh (2007), the mean effective stress op '  needs to be calculated 

incorporating the additional vertical stresses from the top clay layer as follows, 

( )( )s s s s
o ct ct ct ct p ct ct s s p

' H ' H1 1p ' H ' H ' K 2H ' ' H 1 K
2 2 2 4
 γ γ     = γ + + γ + = γ + γ +          

 
  (7-18) 

  

Kp is a function of φ' and was defined in Equation 7-5. Hence, Equation 7-18 can be used to 

arrive at an operative friction angle φ' taking Bolton’s (1986) m parameter to be equal to 3. 
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φ' and φ2 can be evaluated from Equation 7-11. As φcv is typically lower than φ', φ2 is 

usually smaller than φ'. 

The performance of the extended model of Teh (2007) is given in Table 7-2. The mean 

qpeak, measured/qpeak, predicted is 1.07 with a skew angle of -2.24o, and minimum and maximum 

qpeak, measured/qpeak, predicted is 0.68 (~ 47% over prediction) and 1.73 (~ 43% under prediction) 

respectively (see also Figure 7-8) . The standard deviation of qpeak, measured/qpeak, predicted is 

0.256, which is higher than the Okamura’s method (see Table 7-2) with COV of 0.238. 

In Equation 7-18 the operative friction angle φ' is independent of the foundation size (D) 

and the bottom sand-clay intercept strength subi. Similar to Okamura et al. (1998), these 

effects on the friction angle is not accounted for in Teh’s (2007) method. Note that, the 

mean stress op '  is calculated as a plane stress problem ignoring the out of plane stress. As 

foundation penetration is an axisymmetric problem, this assumption may lead to 

inappropriate operative friction angles.  

Lee et al. (2013b), after analysing 49 tests (medium dense to dense sand) using Teh’s 

(2007) method, commented that, for dense sand with a rather narrow variation of friction 

angle of 37o < φ2 < 39o, the initial slip angle ψ varies over a wider range of 2o < ψ < 26o. 

This suggests that there is relationship between them. This is in contrast with the method of 

Lee et al. (2013b), where the friction angle and dilation angle at failure are all related 

through Bolton’s (1986) modified equations.    

Due to soil variability and safety requirements in design, it is a common practice for 

offshore engineers to perform sensitivity analyses on the calculated load-penetration 

response. However, for any change in soil properties or problem geometry, the geometric 

parameters in Teh’s (2007) model such as R, r and ψ change. This necessitates the semi 

logarithmic design chart provided in Chapter 3 and also in Teh (2007) to be consulted 

again. This makes it hard to perform quick sensitivity analyses using Teh’s (2007) model 

on a spreadsheet. Nevertheless, as discussed above the extended Teh’s (2007) model gives 

reasonable qpeak predictions.  
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 Method of Lee et al. (2013b) 7.2.6.

By relating the friction and dilation angle to qpeak through Bolton’s (1986) modified 

equations with m = 2.65, much of the inconsistencies of the previous methods are resolved. 

In this method, the projection angle ψ is equal to the dilation angle. The PIV analyses 

reported in Chapter 5 suggest that this assumption is also reasonable for three-layer clay-

sand-clay soils as well as the two layer sand over clay cases. An empirical stress 

distribution factor, DF, is introduced in the method to model the failure stresses at the sand 

frustum more accurately. The distribution factor, DF was back calibrated as a function of 

Hs/D ratio based on 25 centrifuge tests of flat circular foundation and 5 spudcan tests on 

dense sand (ID=92%) overlying clay. Lee et al. (2013b) proposed two linear relationships 

for DF as: 

s s
F

H HD (spudcan) 1.333 0.889 ;for 0.9
D D

= − <  

 

 

 

  (7-19) 

 
s s

F
H HD (flat) 0.726 0.219 ;for 1.12
D D

= − <    (7-20) 

 The data presented by Lee (2009) suggest that the relationship between DF and Hs/D is 

rather non-linear, especially for lower ratios of Hs/D < 0.3 (Hu et al., 2014). 

From Equations 7-19 & 7-20, it can seen that the DF is higher for the spudcan over the flat 

foundation. It is postulated that the conical shape of the spudcan induces increased lateral 

stresses to the soil during embedment, hence resulting in a higher DF (Figure 7-9, and note 

that DF is the ratio of the effective normal stress on the slip plane to the mean effective 

vertical stress within the sand frustum). Unlike the previous methods, the shape effect 

through different DF for flat and conical spudcan foundations is inherently considered by 

the model. Quick sensitivity analyses are possible by using this model in a spreadsheet, as 

no design charts are required. However, the penetration depth at its peak resistance was not 

considered. With minimal data available for loose sand, the performance could not be 

adequately judged for loose sand overlying clay soils. 

For all the three layer tests, the model over predicts qpeak by maximum of 29% and under 

predicts it by maximum 41%. The standard deviation of   qpeak, measured /qpeak, predicted is 0.19, 
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which is lower than any of the previous methods discussed (Table 7-2), with COV of 0.175 

and θ being +2.18o.  

Figure 7-10 shows the model performance in predicting qpeak. 

 Final comments on different prediction methods 7.2.7.

Table 7-2 summarises all the performance indicators of existing qpeak prediction methods, 

where the original models for sand over clay soils were extended to clay-sand-clay soils by 

simply including an extra clay layer above the sand as a surcharge.  In brief, the projected 

area (PA) approach or the punching shear (PS) approach of SNAME (2008) and ISO 

(2012) in their various forms significantly underestimate qpeak. More recent method of Lee 

et al. (2013a) provide good predictions over the method of Okamura et al. (1998) and Teh 

(2007) with better coefficient of variation (COV), less skew and low standard deviation 

(SD).  

In general, the sand over clay methods with idealising top clay as added surcharge has the 

following limitations, 

• The sand over clay methods with added surcharge does not take into account the 

additional shear contribution of the clay entrapped beneath the foundation. This 

shear resistance is a function of the depth and diameter of the clay plug entrapped 

and the shear strength of the top clay. The entrapped clay also plays a role in the 

position of the punch-through initiation depth, dpeak. Increasing amount of trapped 

clay causes dpeak to reduce and vice versa. 

 

• As the foundation penetrates in the top clay fairly quickly due to self-weight and 

pre-loading, the clay is mostly undrained with expected heave on the surface. As 

will be discussed later, the effect of this is to augment qpeak by increasing the 

effective surcharge.  

 

• Moreover, the weight of the entrapped clay and effect of any backfill on top of the 

spudcan was not accounted for. The effects of these are to decrease qpeak. 
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• As both the operative friction and dilation angles depend on qpeak, ignoring the 

above aspects precludes the model from capturing the exact stress level dependency 

of the friction and dilation angles.  

 

With increasing number of punch-through incidents, the ability of accurately predicting 

qpeak is of paramount importance (Teh, 2007; Lee, 2009) 

7.3 DEVELOPMENT OF A NEW MODEL FOR CLAY-SAND-
CLAY STRATIGRAPHY – CLAY CONTRIBUTION 

 The penetration depth at spudcan peak capacity (dpeak) 7.3.1.

The average effective height of sand shearing, Heff was measured from the PIV experiments 

as: 

eff sH 0.88H=    (7-21) 

 The height of entrapped top clay at qpeak, Hc was measured from the PIV experiments as: 

c 1 ctH f H=    (7-22) 

 Where f1 is the fraction of top clay entrapped and was measured as 0.07 on average.  

dpeak can be evaluated as (Figure 7-12): 

peak ct s cd H 0.12H H= + −    (7-23) 

 The above equation suggests that a higher entrapped plug (Hc) reduces dpeak. This is 

because the entrapped clay effectively increases the foundation thickness and hence causes 

earlier peak mobilisation. If the top clay height Hct is set to zero, Hc becomes zero and dpeak 

reduces to that suggested by Teh et al. (2010) for sand over clay soils. Substituting Hc in 

Equation 7-25 by Equation 7-22, the formula of dpeak can be expressed as a function of 

layer heights only. Hence, dpeak formulates as, 

peak ct s 1 ctd H 0.12H f H= + −    (7-24) 
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 Bottom clay bearing capacity, qclay 7.3.2.

Referring to the schematic drawing in Figure 7-11, the bottom clay bearing capacity can be 

evaluated as: 

' ' ' ' ' 'f
clay co ubi o ct ct eff s s s c s c s ct ct2

4Vq N s q H H 0.12H H H sign(H )
D

= + + γ + γ + γ − γ + γ + γ
π

   (7-25) 

 The 6th and 7th terms of the above equation cancels out, hence qclay can be finally written as: 

' ' ' 'f
clay co ubi o ct ct eff s s s ct ct2

4Vq N s q H H 0.12H sign(H )
D

= + + γ + γ + γ + γ
π

   (7-26) 

 Nco is the bearing capacity factor for a rough circular foundation obtained from Houlsby & 

Martin (2003) that will be discussed later. The last term of the above equation arises due to 

the surface heave where Vf is the volume of the embedded foundation. PIV observations of 

Teh et al. (2008) showed that the sand around the periphery of the spudcan did not heave, 

hence the last term should be taken as zero when Hct is zero. The mathematical sign 

function is introduced to cater for this aspect. When Hct = 0, Equation 7-26 reduces to the 

bottom clay bearing capacity for purely sand over clay. 

 Nco in evaluating qclay 7.3.3.

Nco is obtained from expressions provided by Houlsby & Martin (2003) for a rough circular 

foundation as, 

coN 6.34 0.56= + κ    (7-27) 

 Where κ is the normalised bottom clay strength gradient and is given as, 

( ){ }cb eff c

ubi

D 2 H H tan
s

ρ + + ψ
κ =  

  (7-28) 

 
Where, Hc is the entrapped clay layer height. κ lies within 0 ≤ κ ≤5. This best fit expression 

of Equation 7-27 is accurate within 5% of the tabulated data provided by Houlsby & Martin 

(2003). 

 Contribution of shear stresses along the clay plug periphery (τc) 7.3.4.

The maximum shear stresses (τc) along the entrapped clay periphery cannot exceed that of 

the average shear strength (su(avg)) of clay within the plug. The PIV experiments show that 
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some soft material from the mud line and stronger material near the sand top make up the 

clay plug. The top softer clay entrapment in clay with strength increasing with depth was 

also demonstrated in FE analysis of Hossain & Randolph (2009). The stronger material 

entrapped near the top of sand is caused by the sand layer deformation, which encourages 

entrapment and discourages horizontal squeezing of clay. Therefore, it is a reasonable 

assumption that su(avg) be taken as the mean of the top clay layer, which is the average of the 

mud line strength sum and the top intercept strength suti.  

Now referring to Figure 7-11, the total vertical shear force (Fc) is evaluated as, 

( )ct ct
c 1 ct um 1 ct

HF f H s D f H tan sec
2

ρ = π + + ψ ψ 
 

 
  (7-29) 

 

Taking the vertical component of this force and dividing by the foundation area (A = 

πD2/4) the shear stresses in the vertical direction is given as,  

( )ct ct
1 ct um 1 ct

c
c 2

H4f H s D f H tan
F cos 2cos

A D

ρ + + ψ ψ  = t ψ =  

  (7-30) 

 

 

Where f1Hct is the height of the entrapped clay (Hc) defined earlier in Equation 7-22. 

 Contribution of the weight of the trapped clay ( tc'σ ) 7.3.5.

The contribution from the weight of the entrapped clay σ'tc is given as, 

2
2 2 21 ct

1 ct 1 ct ct

tc 2

f H D tanD 14 f H f H tan '
4 2 3

'
D

 ψ
π + + ψ γ 

 σ =  

 

 

  (7-31) 

 

Neglecting the weight contribution due to dilatancy tc'σ can be evaluated as, 

For practical ranges of dilatancy angle ѱ of 0o-20o Equation 7-31 and 7-32 give near 

identical values. Therefore, the relatively simple form given by Equation 7-32 is adopted 

herein. Note that Equation 7-32 can be obtained by setting ѱ = 0 in Equation 7-31. 

tc 1 ct ct' f H 'σ = γ  

 

 

 

 

  (7-32) 
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 Contribution of the backfill (HBF) 7.3.6.

The height of backfill HBF can be related to the top clay height Hct via a factor f2 as: 

BF 2 ctH f H=    (7-33) 

 Where f2 may vary as 0 ≤ f2 ≤ 1.  The upper and lower limit correspond to suggestion of 

SNAME (2008), where the lower limit represents no backfill and the upper limit is for full 

backfill scenario.  However, full backfill is not achieved in any of the visualisation tests on 

three layer soil. An f2 of 0.50 (half backfill) is recommended for qpeak assessment purpose 

based on the PIV observations in Chapter 5. 

7.4 THE NEW MODEL 

 Vertical equilibrium of a horizontal disk element 7.4.1.

A horizontal disk element, taken from a thin layer of sand plug at location z in Figure 7-12, 

is shown in Figure 7-12. Vertical equilibrium equation for the thin disk element can be 

written as, 

 Noting that, 
dzds

cos
=

ψ
leads to, 

( ) ( )' ' ' '
z s n s z

'
z

(R z tan 2dz tan )d 2 tan dz (R z tan ) dz R z tan

(R z tan 2dz tan )

+ ψ + ψ σ + t −σ ψ − + ψ γ = + ψ σ

− + ψ + ψ σ
 
  (7-35) 

 

 

The term 2dzdσ'ztanѱ in Equation 7-35 is very small and can be neglected. Thus, Equation 

7-35 can be simplified as, 

( ) ( ){ }' ' ' '
z z s n s(R z tan )d 2 tan 2 tan R z tan dz 0+ ψ σ + ψσ + t −σ ψ − + ψ γ =    (7-36) 

 Which can be rewritten as the following differential equation: 

( ) ( )
( )

22 ' 2 ' ' '
z s z z

'
s n

(R z tan ) (R z tan ) dz R z dz tan d

2 (R z tan ) cos sin ds

 π + ψ σ +π + ψ γ =π + + ψ σ + σ + 

π + ψ t ψ −σ ψ
 

 

     (7-34) 
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( ) ''
F z 'z

s

2 tan D tan * tand 0
dz R z tan

 ψ + ϕ − ψ σσ  + − γ =
+ ψ

 
   (7-37) 

 
Where DF is the ratio between the effective normal stresses acting on the sides of the sand 

frustum and the mean vertical stress within the frustum. Mathematically: 

'
n

F '
z

D σ
=
σ

 
   (7-38) 

 φ* can be viewed as a reduced friction angle due to non-associated flow of sand, obtained 

from the expression provided by Drescher & Detournay (1993) as: 

sin 'costan *
1 sin 'sin

ϕ ψ
ϕ =

− ϕ ψ
 

  (7-39) 

 
Equation 7-37 can be simplified by introducing a simplification parameter E as, 

' '
'z z
s

d E tan 0
dz R z tan
σ ψσ

+ − γ =
+ ψ

 
  (7-40) 

 

Where, F
tan *E 2 1 D 1
tan

  φ
= + −  ψ  

 

 

  (7-41) 

 
 Solution to the differential equation 7.4.2.

The differential Equation 7-40 can be directly integrated assuming E as constant to give the 

following form of the solution: 

( ) ( )
( )

E 1'
E s'

z

R z tan
R z tan C

tan E 1

+γ + ψ
+ ψ σ = +

ψ +
 

  (7-42) 

 

Where C is the integration constant and can be evaluated from the following boundary 

condition. At z = Heff, σ'z equates the bearing capacity of the underlying clay layer qclay. qclay 

 was defined in Equation 7-26.  

Therefore, the integration constant C can be evaluated as: 
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( )
( )

( )

' ' ' 'f
co ubi o ct ct eff s s s ct ct2

E
eff '

s eff

4VN s q H H 0.12H sign(H )
D

C R H tan
R H tan
tan E 1

  + + γ + γ + γ + γ  π  
= + ψ  

γ + ψ − ψ + 

 

  (7-43) 

 

Substituting the value of C in Equation 7-42 above, the mean vertical effective stress can be 

formulated as: 

( )
( )

( )
( )

( )
( )

E'
s eff'

z E

'
s eff' ' ' 'f

co ubi o ct ct eff s s s ct ct2

R z tan R H tan
tan E 1 R z tan

R H tan4VN s q H H 0.12H sign(H )
D tan E 1

γ + ψ + ψ
σ = + ×

ψ + + ψ

 γ + ψ + + γ + γ + γ + γ − π ψ + 
 

  (7-44) 

 

At z = 0 the mean vertical stress equates to the peak bearing capacity qpeak, taking Heff = 

0.88Hs, and considering the effect of the entrapped plug, backfill and replacing R by D
2

, 

Equation 7-44 can be expressed as: 

( )

E
' ' ' sf

peak co ubi o s s ct ct ct ct2

E'
s s s

'
c tc BF ct

1.76H4Vq N s q 0.12H H sign(H ) 1 tan
D D

D 1.76H 1.76H1 1 E tan 1 tan
2 tan E 1 D D

cos ' H

  = + + γ + γ + γ + ψ  π  

 γ   + − − ψ + ψ +   ψ +     

 t ψ −σ − γ 

 

  (7-45) 

 

Replacing the values of c cost ψ , tc'σ  & BFH  from Equations 7-30, 7-32 & 7-33 

respectively, qpeak can be finally written as: 
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( )

( )

E
' ' ' sf

peak co ubi o s s ct ct ct ct2

E'
s s s

ct ct
1 ct um 1 ct

' '
1 ct ct 2 ct ct2

1.76H4Vq N s q 0.12H H sign(H ) 1 tan
D D

D 1.76H 1.76H1 1 E tan 1 tan
2 tan E 1 D D

H4f H s D f H tan
2 f H f H

D

  = + + γ + γ + γ + ψ  π  

 γ   + − − ψ + ψ +   ψ +     

ρ + + ψ 
  − γ − γ sand cvq ;for '

 
 
  ≤ ϕ > ϕ
 
  

 

  (7-46) 

 

where, F
tan *E 2 1 D 1
tan

  φ
= + −  ψ  

 and s
sand q q o(s)

' Dq s N s N q
2γ γ

γ
= +  

The first term in Equation 7-46 considers the contribution of the bottom clay bearing 

capacity and the sand shear resistance. The second term accounts for the weight of the sand 

frustum only. The third term is the contribution of the clay plug shearing. The fourth and 

fifth term represent the weight of the clay plug and the backfill component respectively. 

The inequality is to ensure that the bearing capacity does not exceed to that of a circular 

foundation resting on single sand layer (qsand) with surcharge qo(s). Where qo(s) is taken as: 

( )
f

o ct ct ct cto s 2

4Vq q H ' sign(H ) '
D

= + γ + γ
π

 

 

 (7-47) 

 

 

 

The sγ, sq and Nγ, Nq  in qsand are the shape and bearing capacity factors respectively given 

by expressions provided by Hansen (1970).  

When ψ = 0, E becomes infinite, hence Equation 7-46 is not directly applicable. However 

by replacing tanφ* as sinφcv in Equation 7-39, the differential Equation 7-40 can be 

rewritten as, 

''
'F cv zz
s

4D sind 0
dz D

ϕ σσ
+ − γ =   (7-48) 

 
Using a similar solution approach, when 'ϕ = φcv (i.e. ψ = 0), the above differential 

equation can be integrated to give qpeak involving loose sand as, 
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o

o

E' ' 'f
peak co ubi o s s ct ct ct ct2

E'
s s

o o

ct ct
1 ct um

' '
1 ct ct 2 ct ct sand cv

4Vq N s q 0.12H H sign(H ) e
D

1 10.88H e 1
E E

H4f H s
2 f H f H q ;for '

D

 = + + γ + γ + γ π 

  
+ γ − +  

   

 ρ +    + − γ − γ ≤ ϕ = ϕ
 
  

 

(7-49) 

 

Where Eo is given as, 

s
o F cv

HE 3.52D sin
D

= ϕ    (7-50) 

Notice that Equations 7-46 & 7-49 are mathematically equivalent. This can be tested by 

using a very small dilation angle ψ in Equation 7-46, which should give identical qpeak as of 

Equation 7-49. 

 qpeak for sand overlying clay 7.4.3.

Substituting Hct = 0 in Equation 7-46 , the equation reduces to qpeak for two layer sand 

overlying clay soils with when φ' > φcv , 

( )

( )

E
' s

peak co ubi o s s

E'
s s s

sand

1.76Hq N s q 0.12H 1 tan
D

D 1.76H 1.76H1 1 E tan 1 tan q
2 tan E 1 D D

 = + + γ + ψ 
 

 γ   + − − ψ + ψ ≤   ψ +     

 

  (7-51) 

 

Where, F
tan *E 2 1 D 1
tan

  φ
= + −  ψ  

 and s
sand q q o

' Dq s N s N q
2γ γ

γ
= +  

This Equation 7-51  is identical to that suggested by Hu et al. (2014) demonstrating the new 

three layer model is universally applicable to both sand-clay and clay-sand-clay 

stratigraphies.  
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Similarly substituting Hct = 0 in Equation 7-49, for φ' = φcv qpeak for loose sand over clay 

becomes, 

( ) o oE E' '
peak co ubi o s s s s sand

o o

1 1q N s q 0.12H e 0.88H e 1 q
E E

  
= + + γ + γ − + ≤  

   
 

(7-52) 

 

Where Eo is given in Equation 7-50. 

 Implementation aspects of the model for clay-sand-clay soil 7.4.4.

i) The iterative procedure for operative friction (φ') and dilation angle (ψ) 

The modified Bolton’s (1986) equations are recommended by Lee et al. (2013b) as: 

R D peak RI I (Q ln q ) 1, 0 I 4= − − ≤ ≤    (7-53) 

 cv R' 2.65Iϕ = ϕ +    (7-54) 

 cv0.8 ' , 0ψ = ϕ −ϕ ψ ≥    (7-55) 

 The in situ relative density ID, the natural logarithm of the grain crushing strength Q in kPa 

(Q = 10 for siliceous sand) and φcv being known, the iterative procedure can be initiated by 

assuming an arbitrary value of ψ such as 1o, allowing φ' to be calculated using Equation 

7-55. Equations 7-46, 7-53, 7-54 & 7-55 are then applied iteratively in sequence to find 

new estimates of φ' and ψ until satisfactory convergence is achieved.  

In this manner, the dependency of the operative friction and dilation angle on the failure 

stresses can be incorporated in the analytical model. It is assumed herein that sand shearing 

is always under a drained condition. The modelled dilitancy angle using the above 

equations was shown to predict the slip plane in the sand layer fairly well (see Chapter 5) 

for sand-clay and clay-sand-clay.  

ii) DF in the three layer model 

The empirical power law distribution factor DF is adopted from Hu (2015) as a function of 

Hs/D as: 

0.576
s s

F
H HD (spudcan) 0.642 ;0.16 1.0
D D

−
 = ≤ ≤ 
 

 
   (7-56) 
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0.174
s s

F
H HD (flat) 0.623 ;0.21 1.12
D D

−
 = < < 
 

 
   (7-57) 

  

Hence, the shape effect is accounted by the formulas of DF for different foundations in the 

three-layer model. 

iii) Summary of parameters required in the three layer model  

The parameters required with brief descriptions are tabulated in Table 7-3. 

7.5 PERFORMANCE OF THE DEVELOPED THREE LAYER 
MODEL 

Figure 7-13 reports the performance of the new model for clay-sand-clay soil (Equation 

7-46) against the full 27 centrifuge tests (25 tests on three layer and 2 tests on double layer 

sand over clay). Excellent predictions of qpeak exist with only two data points outside the 

20% variation lines (test T6SP and T1FL). The standard deviation (SD) of qpeak, measured/qpeak, 

predicted is only 0.12, with mean of 1.06 and significantly less scatter angle (θo) of 1.88o. A 

combined performance indicator table is given for all the previous methods judged before 

in Table 7-2. This shows that the method has the lowest SD among all the methods with the 

lowest coefficient of variation (COV) of 0.117, the lowest θo
 and the lowest mean.  

Additional qpeak values from centrifuge tests reported in Hossain (2014) for clay-sand-clay 

shows good predictions (marked as green hollow squares). More test details are discussed 

shortly.  

The double layer sand over clay tests (T4SP & T4FL marked as red and blue triangles 

respectively in Figure 7-13) are predicted within less than 2%. Additional 57 sand over clay 

test data of various researchers (marked as hollow diamonds) over a variety of material 

property conditions (dense or loose sand with different bottom clay strength) and 

foundation shape (flat or spudcan) shows excellent agreement with only three data point 

outside the 20% variation line. This shows the robustness of the current three layer model 

in application to both two layer sand overlying clay and & three layer clay-sand-clay 

stratigraphies. 
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The newly developed model is based on the PIV observations for clay-sand-clay soils, 

where the two layer sand over clay soil can be a special case. Although the six variations of 

the current state of the art industrial approach (two variations of the projected area and four 

different variations of the punching shear method) can be used for three layer soils, the 

simple addition of the top clay as a surcharge can’t take into account the clay plug and 

backfill from the top clay layer. The current developed method significantly improves the 

qpeak predictions.  

 Effect of DF on the performance of the three layer model 7.5.1.

The performance of the three layer model is affected by the formula suggested for the stress 

ratio DF (Equation 7-38). Lee et al. (2013b) suggested a linear function of DF related to 

Hs/D (Equations 7-19 & 7-20).  

Figure 7-14 displays the qpeak prediction using the linear function of DF. As expected, the 

performance of qpeak prediction gives SD = 0.21 with mean of 1.20 and θ increasing to 

5.47o, which shows more under estimation when compared to the current new model. By 

Comparing Figure 7-13 & Figure 7-14, it is apparent that the nonlinear function for the 

factor DF (Equations 7-56 & 7-57 by Hu, 2014) works much better for improved qpeak 

predictions. Notice that the sand over clay cases of Figure 7-14 are predicted within less 

than 8% compared to less than 2% by using the nonlinear function of DF in Figure 7-14 that 

is adopted in the new three layer model. This shows that the nonlinear function of DF is 

more suitable for two layer sand over clay and three layer clay-sand-clay soil profiles.  

 Projection angle in the current punch-through model  7.5.2.

The new three layer model sets the projection angle as the dilation angle in sand. The 

calculated projection angles for all 27 medium dense to dense sand tests are compared to 

those in the models by Okamura et al. (1998) and Teh (2007) in Figure 7-15. The ψ values 

are much lower in the current model than that of Okamura et al. (1998) and Teh (2007). 

Notice that for Teh’s (2007) method, ψ varies over a greater range of approximately 6o-24o 

with a narrow range of φ2 as ~33o-36o (Figure 7-16). This reinforces Lee et al. (2013b) 

findings, that the slip angle becomes somewhat independent of the friction angle. By 

adopting the Okamura et al. (1998) approach in calculating the friction angle, φ2 values of 
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Teh (2007) will be the same for tests performed with the same layer heights, making the 

friction angle independent of the foundation size.   

Whereas, ψ in the current model varies over ~ 2o-7.5o with φ' varying from ~33o-37o 

(Figure 7-15 &Figure 7-16), which are at similar range as they are directly linked to 

modified Bolton’s (1986) Equations (7-53, 7-54 & 7-55). The projection angle ψ in the 

current model is higher in dense sand tests over relatively loose sand tests (Figure 7-15), 

hence modelling the density effect correctly. At the same time, an opposite trend is 

observed in the method of Okamura et al. (1998) where relatively loose sand shows greater 

projection angles. This is not considered reasonable. 

 Performance against other centrifuge test data 7.5.3.

With very limited data available, the performance of qpeak prediction using the new three 

layer model is compared against three additional test data for clay-sand-clay by Hossain 

(2014) in Table 7-4 & Figure 7-13. The centrifuge tests were performed under 200 g with 

soft clay (sum = 0.50 kPa & ρct & ρbt = 0.75 kPa/m) interbedded with dense silica sand (ID = 

89%). Good predictions by the three layer model are observed with qpeak predicted within 

20% with mean of 0.95 (see Table 7-2). Moreover, the position of dpeak (from Equation 

7-24), which dictates the punch-through initiation depth is predicted reasonably well with a 

mean of 1.03 (i.e. 1.0 as perfect prediction).  

7.6 EFFECT OF DIFFERENT PARAMETERS ON PEAK PUNCH-
THROUGH CAPACITY FOR SPUDCAN FOUNDATIONS 

The effects of different geometry and strength properties on qpeak prediction are explored. 

Unless otherwise mentioned, the spudcan foundation size D is taken as 12m with same 

uniform top and bottom clay strengths (ρct = ρbt = 0 kPa/m) of sut = 10 kPa. The sand height 

(Hs) is taken as 6 m with relative density of ID = 60%, representing medium dense to dense 

sand. The top and bottom effective clay unit weights are assumed as 6.5 kN/m3 with sand 

effective unit weight being 10 kN/m3 with φcv of 31o and Q = 10. Equations 7-46 or 7-49 are 

used for qpeak calculations in this parametric study. 
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 Top clay height (Hct) and strength (sum) effect 7.6.1.

Figure 7-17 shows effect of top clay height (Hct/D) on qpeak prediction. Clearly, the qpeak 

increases with increasing Hct/D as observed in centrifuge tests reported in Chapter 5 and 6. 

For a constant Hs/D, the qpeak increase almost linearly with Hct/D. The contribution of the 

top clay in qpeak is better understood with the help of pie charts in Figure 7-18. The 

contribution of Hct/D is plotted in Figure 7-18 for Hs = 6 m (marked as ×  in Figure 7-17) 

with Hct/D = 0 ~ 1.17. The dark shaded portion represents the resistance gained due to the 

added top clay only, the remainder being the sand over clay contribution. The top clay 

contribution gradually increases from 0% for sand over clay (Hct/D = 0) to a maximum of 

45% for Hct/D = 1.17. Figure 7-18 shows that, even for thin top clay of Hct/D = 0.33 the 

peak penetration resistance is increased by more than 20%. As the total weight of the top 

clay increases with increasing top clay layer height, the sand strength as well as the bottom 

clay capacity increases as well, hence the increase in qpeak.   

The contribution of top clay strength can be seen in Figure 7-19, when the top clay strength 

is increased by 10 times to 100 kPa relative to that in Figure 7-18. The contribution to qpeak 

from the top clay layer has increased, not by a very large amount of 4% or less (Figure 

7-19). This is expected since the top layer strength contributes to qpeak by the clay plug 

shearing.  The relatively small amount of clay plug (0.07Hct) entrapped underneath the 

spudcan can only contribute small amount of shearing resistance in the qpeak. This indicates 

that the top clay layer contribution to the qpeak is mainly due to the weight of the top clay 

layer (or the thickness of the top layer). When the top layer thickness is greater than the 

spudcan diameter (e.g. Hct/D = 1.17), the qpeak is nearly doubled (45% resistance gained due 

to adding the top clay).  

 Sand height (Hs) and density (ID) effects 7.6.2.

Figure 7-20 shows that qpeak increases with increasing Hs/D and ID. The increase is rather 

more dramatic as compared to the increase caused by increasing Hct/D (Figure 7-20). For a 

thin sand layer of Hs/D = 0.16, the effect of density is rather small (only ~9% when ID is 

increased from 0.25 to 0.99). However, with increasing sand layer thickness, the effect of 

ID becomes greater. For a thick sand layer of Hs/D = 1, the increase in qpeak is 44% when ID 
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changes from 0.25 to 0.99. Therefore, qpeak increases at a greater rate for dense sand than 

that for relatively loose sand.  

 Effect of foundation size (D), operative friction angle (ϕ') and dilation angle (ψ) 7.6.3.

The foundation size (D) effect on qpeak is displayed in Figure 7-21 as D varies between 6 ~ 

24 m. Any increase in foundation size D reduces qpeak as observed in the centrifuge tests 

reported in Chapters 5 & 6. Similar observations were reported by other researchers for 

sand over clay (Teh, 2007; Lee, 2009; Hu et al., 2014).  

 Effect of operative friction angle (ϕ') and dilation angle (ψ) on Hs/D 7.6.4.

The dependencies of operative friction (ϕ') and dilation angles (ψ) on sand layer thickness 

(Hs/D) are revealed in Figure 7-22 & Figure 7-23 respectively. Both ϕ' and ψ reduce with 

increasing sand layer thickness. This is because, with thicker sand layer, the average 

confining stress is higher, hence the tendency to dilate is reduced (Bolton, 1986). The 

reductions in both ϕ' and ψ are more dramatic for dense sand than loose sand, since the 

potential in dilatancy is very small in loose sand.  

 Effect of bottom intercept strength (subi) 7.6.5.

 Figure 7-24 shows the effect of subi on qpeak prediction. The intercept strength of subi in the 

bottom clay varies between 5 ~ 50 kPa. qpeak increases fairly linearly with increasing subi. 

The gradient of increment in qpeak is slightly greater with thicker sand layer, since the 

thicker sand layer induces larger interface area between the sand plug and the bottom clay, 

hence a larger foundation acts on the surface of the bottom clay layer. For the same subi of 

the bottom clay, qpeak is higher with a thicker sand layer, since the thicker sand layer 

produces a higher shear resistance within the sand layer and a higher surcharge on the 

bottom clay from the sand layer.   

7.7 SUMMARY 

A new analytical model for predicting peak bearing capacity (qpeak) of spudcan and flat 

footing on three-layer clay-sand-clay soils (i.e. three-layer model) has been developed and 

presented. The model is based on the PIV tests discussed in Chapter 5. The three-layer 

model is developed from the two-layer sand overlying clay model of Lee et al. (2013b) and 
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Hu et al. (2014). The new three-layer model was validated against previous centrifuge tests 

data. The parameter sensitivities of the model were also studied. A performance appraisal 

of the industry guidelines in predicting the peak capacity was included. Some conclusions 

can be drawn as following.  

• The projected area or punching shear approaches for calculating peak capacity in 

sand over clay documented in ISO (2012) and SNAME (2008) can be extended to a 

clay-sand-clay stratigraphy by replacing the top clay with an equivalent surcharge. 

It was found that these modified approaches underestimate qpeak when compared to 

a large data base of centrifuge tests in clay-sand-clay.  

 

• The new analytical model presented considers additional shear resistance generated 

around the entrapped clay plug periphery as well as back fill above the foundation 

and the contribution of surface heave on qpeak. This additional shear resistance is a 

function of the foundation size and the average top clay strength.  

 

• By incorporating the observed PIV mechanisms within the analytical framework 

and by considering the stress level dependent response of the sand layer, the model 

was shown to perform significantly better than the current industry approaches over 

a wide range of sand density and clay strength properties, where qpeak was predicted 

mostly within 20%. The model gave promising results when judged against limited 

additional published test data in clay with interbedded sand.  

 

• The qpeak model presented can be conveniently applied to both sand overlying clay 

and clay-sand-clay Stratigraphies.     

With the peak bearing capacity model developed, the next chapter presents a methodology 

to predict the complete load penetration response. 
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Table 7-1 Methods used to assess qpeak 

 

Method name  Comments 

Projected area method (1h:3v) Adopted by ISO (2012) and SNAME 
(2008) 

Projected area method (1h:5v) Adopted by ISO (2012) and SNAME 
(2008) 

Punching shear method 
 
(Based on lower bound 

ubi
s

s

NsK tan '= ; Where N=3.0
Dγ'

φ ) 

Adopted by  SNAME (2008) but not 
ISO (2012) 

Punching shear method 
 
( Based on lower bound 

ubi
s

s

NsK tan '= ; Where N=3.0
Dγ'

φ & average 

bottom intercept strength over 0.5D below 
bottom intercept) 

From experiences in Gulf Of Mexico, 
suggested by both SNAME (2008) & 
ISO (2012) 

Punching shear method (Hanna & Meyerhof, 
1980) 
 
(Based on original recommended Ks) 
 

Recommended by ISO (2012) with Ks 
chart provided 

Punching shear method (Hanna & Meyerhof, 
1980) 
 
(Based on Ks  & average bottom intercept 
strength over 0.5D below bottom intercept) 

Recommended by ISO (2012) with Ks 
chart provided  

Okamura et al. (1998) Not discussed in SNAME (2008) or 
ISO (2012) 

Teh (2007) Suggested as alternative method by 
ISO (2012) and SNAME (2008) 

Lee et al. (2013b) Relatively recent method not yet 
adopted in SNAME (2008) or ISO 
(2012) 
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Table 7-2 Performance of analytical models in predicting qpeak for three layer tests

 qpeak, measured/qpeak, predicted  
Method name  SD Mean Min Max COV θo Comments 

Projected area method (1h:3v) 0.516 2.486 1.615 3.697 0.208 +23.00 Adopted by ISO (2012) and SNAME (2008) 

Projected area method (1h:5v) 0.749 3.151 2.100 5.238 0.238 +27.43 Adopted by ISO (2012) and SNAME (2008) 

Punching shear method (Based on N=3) 0.621 2.532 1.742 3.854 0.245 +21.35 Adopted by  SNAME (2008) but not ISO (2011) 

Punching shear method (Based on N=3 & 

average bottom intercept strength over 0.5D 

below bottom intercept) 

0.449 2.087 1.537 3.350 0.215 +18.13 From experiences in Gulf Of Mexico, suggested by both SNAME 

(2008) & ISO (2012) 

Punching shear method (Hanna & Meyerhof, 

1974)(Based on Ks) 

0.493 2.076 1.449 3.193 0.238 +16.39 Recommended by ISO (2012) with Ks chart provided 

Punching shear method (Hanna & Meyerhof, 

1974) (Based on Ks  & average bottom 

intercept strength over 0.5D below bottom 

intercept) 

0.359 1.832 1.358 2.839 0.196 +14.72 Recommended by ISO (2012) with Ks chart provided 

Okamura et al.,(1998) 0.152 0.835 0.562 1.228 0.182 -7.19 Not discussed in SNAME (2008) or ISO (2012) 

Teh (2007) 0.256 1.075 0.682 1.732 0.238 -2.24 Suggested as alternative method by ISO (2012) and SNAME (2008) 

Lee et al., (2013b) 0.188 1.077 0.774 1.694 0.175 +2.18 Relatively recent method 

Three layer failure stress dependent model 0.124 1.061 0.779 1.373 0.117 +1.88 Presented in this investigation 
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Table 7-3 Parameters in the three layer clay-sand-clay model 

Parameter 
category 

Symbol           Description            Method of determining parameter 

Foundation 
geometry 

D & Vf 

 

Foundation diameter and volume Known parameters 

 

Top clay  

Hct Top clay height Measured in situ   
Hc Height of trapped clay Taken as f1Hct with f1 =0.07. 
sum 

 

Mud line undrained shear 
strength 

Measured in situ or in laboratory tests 

ρct Top clay strength gradient Measured in situ   

ct'γ  Top clay unit weight Inferred from in situ tests or directly measured in the 
laboratory 

 f1 Factor determining the amount of 
clay entrapped 

 

Taken as 0.07. Suggesting on average 7% of the top clay 
gets entrapped under the foundation. 

f2 Factor determining the height of 
backfill   

f2 is taken as 0.50 (semi backfill condition) 

 
Sand Hs Sand height Measured in situ 

ID Sand relative density Measured in the laboratory from undisturbed samples or 
in situ. 

Q Parameter in Bolton’s (1986) 
equation 

Measured from laboratory tests, For siliceous sand can be 
taken as 10. 

IR Relative density  index Obtained through an iterative procedure involving 
Equations 7-46 , 7-53 , 7-54 & 7-55  

φcv Constant volume friction angle Measured from laboratory tests 

'&ϕ ψ  

 

Operative friction and dilation 
angle 

Obtained from Equations 7-54 & 7-55 : 
cv R' 2.65Iϕ = ϕ + & cv0.8 ' , 0ψ = ϕ −ϕ ψ ≥  

 
φ* Reduced friction angle due to 

non-associated flow of sand 
Obtained from Equation 7-39: sin 'costan *

1 sin 'sin
ϕ ψ

ϕ =
− ϕ ψ

 

 s'γ  Effective unit weight of sand Inferred from in situ tests or directly measured in the 
laboratory 

 
Bottom clay subi Bottom sand-clay intercept 

strength 
Measured in situ 

ρcb Bottom clay strength gradient Measured in situ 

κ Non dimensional strength 
parameter needed to determine 
the bearing capacity factor from 
Houlsby & Martin (2003). 

Calculated from Equation 7-28: 

( ){ }cb eff c

ubi

D 2 H H tan
s

ρ + + ψ
κ = ; Heff is taken as 

0.88Hs. 

Nco 

 

 

Bottom clay bearing capacity 
factor 

 

Calculated from Equation 7-27: 
coN 6.34 0.56= + κ

(Houlsby & Martin, 2003) 

 
 

Empirical 
factor 

DF Distribution factor: 

Defined as the ratio of the 
normal effective stress at the slip 
surface to the mean vertical 
effective stress within the sand 
frustum. 

For spudcan use Equation 7-56:  

0.576
s s

F
H HD (spudcan) 0.642 ;0.16 1.0
D D

−
 = ≤ ≤ 
 

 

For flat foundation use Equation 7-57: 

0.174
s s

F
H HD (flat) 0.623 ;0.21 1.12
D D

−
 = < < 
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Table 7-4 Performance of the three layer model against additional test data of Hossain (2014) 
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FS12 139.17 116.00 0.83  

0.95 

3.62 3.86 1.07  

1.03 FS13 172.68 144.00 0.83 3.68 3.91 1.06 

FS14 333.31 392.00 1.18 3.92 3.74 0.96 
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Figure 7-1 Performance of the Projected Area approach against the experimentally measured qpeak a) 

1h:3v & b)1h:5v 
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Figure 7-2 Performance of the SNAME (2008) suggested Punching Shear approach against the 

experimentally measured qpeak ; a) su taken at the bottom sand-clay intercept & b) su taken as an 

average over 0.5D below the bottom intercept 
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Figure 7-3 Performance of the ISO (2012) suggested Punching Shear approach against the 

experimentally measured qpeak ; a) su taken at the bottom sand-clay intercept & b) su taken as an 

average over 0.5D below the bottom intercept 
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Figure 7-4 Performance of the method of Okamura et al. (1998) 

 

 

Figure 7-5 Relationship of foundation size (D) with the operative friction (φ') and projected angle 

(αc) in the method of Okamura et al. (1998) 
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Figure 7-6 Modified Teh’s (2007) model with added surcharge qo (modified after Teh, 2007) 

 

 

 

Figure 7-7 Simplified force diagram on sand failure surface, N is the total normal force and T is the 

resultant force (modified after Teh, 2007) 
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Figure 7-8 Performance of the modified method of Teh (2007) 

 

 

Figure 7-9 Schematics on lateral stress impact of flat-based and conical spudcans (after Lee et al., 

2013b) 
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Figure 7-10 Performance of the method of Lee et al. (2013b) 
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Figure 7-11 Schematic of peak bearing capacity prediction for three layer clay-sand-clay profile 

 

 

 

Figure 7-12 Equilibrium of a thin horizontal disk element located at depth z below the foundation 
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Figure 7-13 Performance of the three layer model 
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Figure 7-14 Performance of the three layer model with DF of Lee et al. (2013b) 
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Figure 7-15 Comparison of projection angle of different methods 

 

Figure 7-16 Comparison of operative friction angle of different methods 
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Figure 7-17 Effect of top clay height on qpeak (D = 12 m, su = 10 kPa & ID = 0.60) 

 

 

Figure 7-18 Contribution of top clay on qpeak (Hs = 6m, D = 12 m, su = 10 kPa &ID = 0.60) 
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Figure 7-19 Contribution of top clay on qpeak (sum = 100 kPa (uniform), subi = 10 kPa (uniform), Hs = 

6m, D = 12 m, & ID = 0.60) 

 

Figure 7-20 Effect of sand thickness and density on qpeak (Hct = 6m, D = 12 m & su = 10 kPa) 
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Figure 7-21 Effect of foundation size (D) on qpeak (Hs = 6m, Hct = 6m & su = 10 kPa) 

Figure 7-22 Dependency of operative friction angle ( 'ϕ ) on Hs/D and ID (Hs = 6m, Hct = 6m & su = 10 

kPa) 
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Figure 7-23 Dependency of operative dilation angle (ψ) on Hs/D and ID (Hs = 6m, Hct = 6m & su =10 kPa) 

 

 Figure 7-24 Effect of bottom intercept strength on qpeak (Hct = 6m, D = 12 m, ID=0.60 & sum=10 kPa) 
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CHAPTER 8.   COMPLETE PENETRATION PROFILE 

MODEL FOR SPUDCAN IN CLAY-SAND-CLAY SOILS 

8.1 INTRODUCTION 

This chapter presents a simplified prediction method for routine offshore jack-up 

installation risk assessment. For a complete penetration profile prediction model, it is 

necessary to predict resistance in each of the soil layers involved. The method of predicting 

peak bearing capacity in the sand layer was presented in Chapter 7. The method of 

predicting the bearing resistance in the top clay and underlying clay layer are presented in 

this chapter. In conjunction with the model for qpeak a complete prediction profile can be 

drawn, hence the prediction of spudcan punch-through depth dpunch. The performance of the 

developed approach is also compared with current industrial guidelines.   

    

8.2 BEARING RESISTANCE IN TOP CLAY  

 Establishing the theoretical squeezing factors (as & bs) 8.2.1.

The current approach in predicting squeezing resistance for soft clay over stiff soil (i.e. stiff 

clay or sand) is based on the model of  Meyerhof & Chaplin (1953) and later  Brown & 

Meyerhof (1969) (see Chapter 2 Section 2.7.1). The lower bound squeezing factors in 

Equation 2-51 (repeated below as convenience) are adopted as as = 5 and bs = 0.33 

respectively in ISO (2012) and SNAME (2008). A series of LDFE analyses were 

performed using the approach described previously in Chapter 3 for the resistance of a 

foundation penetrating soft clay overlying a rigid stratum to cross check the squeezing 

factors. Table 8-1 summarise all the LDFE analyses conducted.  

Both spudcan and flat circular foundations with rough (α = 1) and smooth (α = 0) interfaces 

have been considered. The foundation size D was fixed at 6 m with dtip/D = 0.23 (Figure 

8-1) for the spudcan with shape identical to the physical model used in the experiments 

clay c c c u c u c peak

0.33D d
q =N s d s +γ' d s (5+ +1.2 )+γ' d q  

H D
   

 

(8-1) 
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described in Chapter 5 and Chapter 6. The thickness ratio of the clay layer (Hclay/D) varies 

within the range of 0.3-10. As a reference case, the bottom boundary is placed at 10D (60 

m) from the mud line, which is far enough to have no impact of the bottom boundary. All 

other cases with bottom boundary placed closer to the soil mudline (i.e. < 10D) are 

compared with the reference case to find the depth of the bottom boundary effect (dBE). The 

lateral boundary domain (LBD) was kept at 10D from the centreline, which was found to be 

sufficient to eliminate any lateral boundary effect. 

To investigate the performance of the squeezing model, only uniform clay strength of su = 

10 kPa is considered, modelled using the Tresca model. A procedure to calculate the 

squeezing resistance for clay with strength increasing with depth is discussed later. A 

small-normalised displacement increment (δ/D) was used (Table 8-1) to model penetration 

very close to the boundary (to observe squeezing) as smaller elements near the boundary 

are generated. Correspondingly, the minimum element size was chosen as hmin/D = 0.0125, 

with remeshing step N (the number of small strain increments between remeshing stages) 

equals to 50. For an ideal Tresca clay, Hossain & Randolph (2009) showed that the 

remeshing step over the range of 50-100 has little influence on the resistance. With N 

chosen as 50, Nδ was less than 0.5hmin as recommended by Hu et al. (1999) improving 

stability and smoothness of response. Eclay/su was found to cause less sensitivity to the 

response so a moderate value of 350 was used. 

Figure 8-1a and Figure 8-1b present the results of the analyses for rough (α = 1) flat and 

spudcan foundations respectively. The factors currently recommended in ISO (2012a) (as = 

5 & bs = 0.33) were found to underestimate the LDFE results. Adopting as as 5 (Nc for 

rough circular foundation-1) and bs as 0.99 (i.e. three times the lower bound) yielded 

excellent agreement between the squeezing model for the flat foundation and the LDFE 

simulations. Notice that, while back calculating the squeezing factors the squeezing 

equation recommended by ISO (2012) has been used which accounts for the embedment 

effect of the foundation.  

Interestingly, for the corresponding spudcan foundation, drastic increase in resistance near 

the boundary was not observed. Penetration stopped as the tip of the spudcan almost 

touched the rigid boundary. This suggests that the squeezing mechanism is not only a 
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function of the clear distance between the foundation and rigid boundary (H) but also the 

tip size (dtip). As dtip/D is 0.23 for the spudcan, it can be said that dtip/D must be smaller 

than 0.23 to mobilise the excess resistance near the rigid boundary. Thus to predict 

squeezing resistance of spudcan foundation, which its penetration depth is between the 

squeeze initiation depth and dtip, similar squeezing factors to those for the equivalent flat 

circular foundation are recommended. 

For a smooth flat foundation (α = 0) the optimal squeezing factors as and bs were found to 

be 4.69 (Nc for smooth circular foundation-1) and 0.66 (twice the lower bound) respectively 

(see Figure 8-2). Again, the spudcan penetration stopped as the tip of the spudcan came 

close to the rigid boundary (Figure 8-2b) without the initiation of squeezing mechanism in 

clay. 

 Effect of foundation roughness on squeezing resistance 8.2.2.

Figure 8-3 plots qnom-d profile for both fully rough and fully smooth flat foundation cases 

listed in Table 8-1. It can be seen that the effect of the foundation roughness α is minimal 

(~10 %). As the foundation comes closer to the boundary, the difference between the 

curves minimises. This is because at deep penetration near the boundary the soil mass 

beneath the footing is mainly in a perfectly plastic state. At the plastic stage, the shear 

stress at the rough foundation base has exceeded its shear strength, thus soil can slide along 

the soil-foundation interface the same as for the smooth foundation.   

 Clay squeezing model for clay with non-homogeneity 8.2.3.

The squeezing model of soft clay over a rigid boundary was proposed for a uniform clay 

layer (ρ = 0). To count the soil non-homogeneity (i.e. ρ ≠ 0), the procedure is suggested as 

illustrated in Figure 8-4. H1 & H2 are the height of the squeezing layer for foundation 

position 1 & 2 respectively. The undrained shear strength in the analytical model is chosen 

at the mid depth of the layer, which represents the average strength of the squeezing layer. 

In this way, for a clay with strength increasing linearly with depth, the average strength is 

increasing with foundation penetration.  
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 Limitations of the squeezing model 8.2.4.

The analytical model of clay squeezing mechanism is strictly applicable to the problem of a 

flat foundation approaching a rigid boundary only. The effect of the conical underpart of a 

spudcan and interface (or boundary) deformation (when a soft layer overlies a stiff layer) is 

not considered. The model performance is assessed against the centrifuge test results of 

spudcan penetrating into clay-sand-clay presented in Hossain (2014) and against an 

example test of this investigation (test 80aSP of Chapter 6). More comparisons against the 

experimental database reported in Chapter 5 and 6 are given shortly. 

Figure 8-5 shows two setups of top clay layer: (a) the top clay layer of Hct/D = 2.7/6 = 0.45 

in clay-sand-clay soils, where the middle sand layer Hs/D = 0.25, 0.33 and 0.67; (b) the top 

clay layer of Hct/D = 6.42/16 = 0.40. The modified squeezing factors for a smooth 

foundation were adopted in the calculation of the squeezing resistance (as = 4.69 and bs = 

0.66) using the ISO (2012) squeezing equation, as the foundations were relatively smooth. 

The solutions by Houlsby & Martin (2003) are for a foundation penetrating into a single 

clay layer without boundary effects. 

In the first experimental setup (Hct/D = 0.45, Hs/D = 0.25, 0.33 & 0.67 in Figure 8-5a), the 

squeezing model significantly underestimates the penetration resistance observed in the 

centrifuge experiments, hence it overestimates the penetration depth for a given load. The 

degree of underestimation would be even higher for the lower bound squeezing factors 

suggested by ISO (2012). The centrifuge test results show that, with increasing sand layer 

thickness, the spudcan can sense the stronger sand layer earlier, thus the penetration 

resistance increases faster. Since the squeezing model for a rigid bottom boundary was 

developed for a flat footing, the underside conical shape (dtip) may have a great influence to 

the penetration resistance. This is because the spudcan tip may have touched the sand layer 

before the squeezing mechanism was initiated. Thus the sand layer can contribute to the 

spudcan penetration resistance before the squeezing even begins.  

Similar underestimation by the squeezing model is also observed in the second setup (Hct/D 

= 0.4 in clay over sand in Figure 8-5b).  The thick sand layer makes the increase in 

penetration resistance dramatic, which follows the trend observed in the experiments of the 

first setup. The sharp increase in the spudcan penetration resistance might also be due to the 
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consolidation and hardening of the thin clay near the sand layer. This consolidation process 

could cause the clay to vertically compress rather than squeeze it horizontally. As the 

foundation penetrates further into the sand layer, the sagging of the clay-sand interface can 

further discourage the horizontal squeezing mechanism.  

The PIV experiments reported in Chapter 5 consistently showed that a thin clay layer 

(0.07Hct) is entrapped underneath the spudcan with minimal horizontal squeezing. The 

squeezing mechanism was only observed when the top clay layer was relatively thin of 

Hct/D = 0.4 for both spudcan and flat foundations. This might imply that the shape factor is 

insignificant and the consolidation factor is the main source of minimal squeezing, since a 

thin top clay will  have less time to consolidate during spudcan penetration. The rigid 

bottom boundary used in the squeezing model development certainly has no ability to 

consider the clay consolidation effect, thus horizontal squeezing is the only option for the 

top clay.   

The resistance in the clay layer just above the sand is affected by the stiffness properties of 

the underlying sand and was also investigated by Van Den Berg et al. (1996) using CPT in 

a Eulerian type analysis. For clay overlying sand, they showed that by artificially increasing 

the modulus of elasticity (E) for sand from 2000-8000 kPa, the gradient of resistance 

increased over 9.5-21.3 MPa/m.   

Based on the above discussions, it is decided that the squeezing model is not adopted in the 

current prediction approach for the top clay. A new approach is suggested below where 

stiffness properties of the underlying sand layer are incorporated whilst the interaction of 

the layers is maintained (i.e. not artificially replacing deformable layers with rigid 

undeformable layer).   

 A new approach in predicting top clay resistance 8.2.5.

The PIV mechanisms in the top clay reported in Chapter 5 is in overall agreement with that 

reported in Hossain et al., (2006) when the top clay layer was thick. After a comprehensive 

assessment of predicting clay bearing capacity from 13 different offshore sites, Menzies & 

Roper (2008) suggested that the method of Hossain et al., (2006) over predicts the 

resistance by ~ 20%. This over prediction was attributed to strain softening (Hossain & 
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Randolph, 2009). To avoid complexity in choosing strain softening parameters in the 

current model the lower bound approach of Houlsby & Martin (2003) is adopted which is 

valid over a wider range of foundation geometry and performs well in offshore conditions 

(Menzies & Roper, 2008). This method can be conveniently coded in a spreadsheet to 

obtain a continuous profile, whereas some extrapolation is required in the Hossain et al., 

(2016) approach (see Menzies and Roper, 2008).    

The bearing capacity factors from Houlsby & Martin (2003) are adopted for calculating the 

resistance in the top clay layer, before the influence from the stiff layer is apparent. This 

method is adopted in both SNAME (2008b) and ISO (2012) guidelines, which take into 

account of the shear strength gradient (ρct), different spudcan geometry (β) and roughness 

condition (α). This wide range of practical conditions coupled with simple equations (i.e. 

the absence of any look up tables or design charts) make the method practical and easy to 

use. The following equation is used to predict the resistance in the top clay,  

The first term represents the soil resistance with Nc adopted from Houlsby & Martin (2003) 

and su represents the strength at the foundation base level. qo is the surcharge at the base of 

the foundation. The last term represents the buoyancy of the foundation in which Vf is the 

volume of the foundation and γ'ct is the top clay effective unit weight. 

The spudcan foundations tested are not perfectly conical and have a protruding spigot. The 

equivalent included angle (β) according to the method of Martin (1994) is calculated as 

154
o
. β for a flat circular foundation is 180

o
. The surface roughness α of the foundations has 

not been experimentally measured.  The foundations are relatively smooth with α within 

0.2-0.4 (Hossain et al. 2005).  

Figure 8-6 displays the comparison between the LDFE result (with α = 0.20) and the 

centrifuge test data (T2FL; D = 6 m). The resistance from LDFE analysis is slightly higher 

than the experimental result at very shallow penetration depth (d/D < 0.06 m). This might 

be due to presence of free water layer above the soil surface in the centrifuge experiment. 

The free water could have softened the top clay slightly. However, excellent agreement 

        f
clay top c u o ct2

4V
q N s q '

D
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exists with deeper penetration of d/D > 0.06, where the LDFE result and experimental data 

converge. This indicates that α of 0.2 can be confidently adopted. In the absence of any 

other information, SNAME (2008a) suggests α of 0.4 for spudcans with a spigot.  

Stiff layer effect (dBE) 

The Houlsby & Martin (2003) solution can only be applied in the top clay layer until the 

resistance is affected by the underlying sand. The PIV experiments suggested that the 

divergence from the near linear response is due to subtle sand movement, which is marked 

by a slight curvilinear increase in resistance followed by a sharp and drastic increase (see 

Figure 5-5). For consistency with the bottom boundary effect studied in Chapter 3, the 

position of this slight curvilinear increase, measured from the top of sand layer is the depth 

of the bottom boundary influence zone, dBE. For design purposes as the datum is taken at 

the mud line/seabed, this position can be defined from the top of the clay as, 

Where, dd is the depth of deviation from the Houlsby & Martin (2003) response. 

Figure 8-7 plots the stiff layer influence distance in clay, dBE/D against the normalised top 

clay height Hct/D for all the experiments performed in this study on clay-sand-clay soils. 

Though some scatter exists, clear trends emerge with increasing relative density (ID) of 

sand, dBE/D increases non-linearly. For the range of densities explored experimentally, the 

flat foundation (dtip = 0) curve lies below the corresponding spudcan due to the absence of a 

tip. dBE/D from LDFE analyses in clay over a complete rigid boundary (infinitely stiff) is 

also plotted forming the upper bound. The tip influence is found to be negligible for the 

rigid boundary case. Perhaps because of the fully restrained boundary (unmovable 

boundary), it is impossible to cause different boundary movement due to the spudcan tip. In 

contrast, when there is a sand-clay layer underneath the top clay layer, the top of the sand 

layer can sense the spudcan tip earlier compared to a flat foundation. 

The trend of dBE increasing with increasing underlying material stiffness has also been 

found in the CPT field tests by Lunne et al. (1997) and corresponding numerical analysis 

(using FLAC) by Ahmadi & Robertson (2005). For a two layer sand stratigraphy with 

d ct BEd H d 0    

 

                                                                        (8-3) 
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constant relative density of ID = 30% of the top sand layer, the dBE increased from around 

2.5 Bc (0.08 m) to 4.2Bc (0.15 m) (see Figure 8-9, Bc is the cone diameter) when the relative 

density of the bottom sand layer increased from ID = 50% to 90%. Similarly in the 

foundation test data presented here, for a very loose underlying sand layer, the penetration 

resistance only starts to increase when the spudcan tip is very close to the sand layer (see 

Figure 8-8).  

Figure 8-7 also shows that dBE increases with increasing Hct/D. Greater Hct/D entraps a 

greater amount of clay plug (i.e. 0.07Hct), hence larger the effective foundation height and 

therefore greater dBE. Based on Figure 8-7, and studies of Lunne et al. (1997) and Ahmadi 

& Robertson (2005), it is clear that both the top clay properties and underlying sand 

stiffness properties need to be considered in predicting dBE.  

It is well known that the sand stiffness properties such as the shear modulus G or the 

Young’s modulus E is stress dependent and increases with increasing mean stress level 

(Iwasaki et al., 1978; Fahey, 1992; Yu et al., 2012). Through resonant column tests on 

Ticino sand, Lo Presti (1987) noted that apart from the mean stress, peak shear modulus 

also increases with relative density (ID). The exact value of the sand modulus is difficult to 

obtain offshore. As the sand strength depends on the modulus, it is rather convenient to use 

the sand frictional properties such as the constant volume friction angle or the operative 

friction angle, which can be measured more easily. In addition, in clay-sand-clay strata it is 

necessary that the Hs/D ratio contribute directly to the stiffness of the sand layer. Sand with 

higher Hs/D ratio is expected to be stiffer compared to lower Hs/D ratios because of the 

additional shear resistance generated along the relatively longer failure plane.    

Development of dBE prediction formula 

dBE is measured from all the experimental data presented in Chapter 5 and 6 according to 

Figure 8-8. Additional three test data on clay-sand-clay have been used after Hossain 

(2014). For predicting dBE in routine assessment of jack-ups, the following back fitted 

empirical equation is suggested, 
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The first term represents the top clay effect and the second term represents the sand 

strength properties. The numerical coefficients of the above were calibrated from three 

different ID (51%, 74% and 89%). These coefficients could be refined once more test data is 

available for looser or denser sand interbedded in clay. As in the peak model presented in 

the previous chapter, φ' is obtained through an iterative procedure involving the modified 

Bolton’s (1986) equations and depends on IR, m (= 2.65), and φcv. IR itself is calculated 

from ID, Q and qpeak. This allows the stress level effect on the stiffness of sand to be 

accounted for in an indirect, iterative manner.  

The bound on dBE/D is to ensure that sensing the boundary starts immediately as the tip 

touches the top of sand, and so that dBE/D does not exceed Hct/D or the upper bound value 

of 0.70 for a rigid boundary, whichever are the minima. Notice that the upper bound of 

dBE/D of 0.70 was derived using LDFE analyses in Chapter 3 and also agrees well with the 

method of characteristic solution of Mandel & Salencon (1969), suggesting a value of ~ 

0.71 ( 2 / 2 ).       

The parameter φ'-φcv in Equation 8-4 is theoretically equal to the dilitancy angle ψ (note 

that real sand is non-associative and φ'-φcv is better approximated as equal to 0.8ψ 

according to Bolton (1986). Equation 8-4 suggests that for a given layer geometry, dense 

sand with greater ψ will feel the boundary earlier compared to loose sand. A parametric 

study on the above equation is conducted for all relevant geometries below to ensure the 

equation is properly bounded for all practical geometries and material properties possibly 

encountered offshore. The performance of the equation in predicting the centrifuge test dBE 

is shown later. 

Sensitivity analysis of dBE prediction formula 

A parameter sensitivity study is conducted on Equation 8-4 with φcv taken as 30
o
. Hct/D was 

varied from 0.25-3 and Hs/D was varied within the range of 0.16-1.20. The normalised 

friction angle term (φ'-φcv)/φcv was varied within 0-1. Lower bound of zero represents the 

tipct s cv ctBE BE

cv

dH H ' Hd d
0.11 0.77 ; Min( ,0.70)
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constant volume or critical state while the upper bound of unity represents associated flow. 

The dtip/D is taken as 0.23, typical of the Marathon Le Tourneau design class spudcan 

(Menzies & Roper, 2008) widely used in experiments at UWA. 

Figure 8-10 & Figure 8-11 show that dBE/D increases with the normalised layer heights and 

the normalised friction angle. For smaller Hs/D ratio of 0.16 and Hct/D of 0.25-.50, the 

lower bound of dtip/D controls the boundary influence up to a normalised friction angle of 

(φ'-φcv)/φcv ~ 0.38 (Figure 8-10a). Beyond Hct/D of 1.0, the influence distance, dBE/D is 

always greater than dtip/D but never reaches its upper bound of dBE/D = 0.7. For a thin top 

clay of Hct/D = 0.25, dBE/D is limited to 0.25 as it is the maximum distance possible. As the 

sand layer thickness ratio (Hs/D) gradually increases (from Figures 8-10a to 8-11c), dBE/D 

becomes progressively greater than dtip/D indicating earlier influence from the sand layer. 

The upper bound of dBE/D = 0.7 is reached in the cases with higher Hct/D, higher Hs/D and 

higher normalised friction angle (φ'-φcv)/φcv.  

For sand at constant volume/critical state (i.e. (φ'-φcv)/φcv = 0), Hct/D ratio needs to be 

greater than 2 to record any influence beyond dtip (Figure 8-10 to Figure 8-11). This 

suggests that, if the sand layer is in the loosest possible state (ψ = 0), penetration very close 

to the top of the sand is possible without any significant change to the penetration 

resistance profile. Under this circumstance, the sand layer influence zone (dBE) is only a 

function of Hct/D, the normalised sand height (Hs/D) does not contribute to dBE as the 

second term in Equation 8-4 vanishes. This aspect is reflected in the test data presented in 

Figure 8-7 where relatively loose sand records lower dBE/D. 

This parametric study confirms that the Equation 8-4 proposed for dBE is properly bounded 

for the relevant practical geometry and material property conditions that might be expected 

in infield offshore conditions.  

Summary of top clay prediction method  

The peak bearing capacity (qpeak) in the sand layer and its position dpeak is first calculated 

according to the model presented in Chapter 7. The coordinate (qpeak, dpeak) works as the 

first control point (Figure 8-12). The depth at which the top clay resistance is deviated (dd) 

from the Houlsby & Martin (2003) response is found using equations (8-4) and (8-3).  The 



Jackup Foundation Punch-Through                                                Centre for Offshore Foundation Systems  

in Clay with Interbedded Sand                                                            The University of Western Australia 

8-11 

 

Houlsby & Martin (2003) response is plotted up to dd. The coordinate (qd, dd) works as the 

second control point. This point is then connected to the first control point (qpeak, dpeak) 

using a straight line to complete the resistance profile in the top clay. qd is the last 

calculated resistance at the deviation point from Equation 8-2. As qpeak is a strong function 

of Hs/D and subi (i.e. properties of the underlying layers), unlike the current industrial 

approach the interdependency of the resistance on all the layers are inherently catered for. 

The procedure is illustrated in Figure 8-12 whilst a flow chart is given in Figure 8-13.  

8.3 BEARING CAPACITY IN BOTTOM CLAY 

To date a number of research have been conducted for spudcans on sand over clay soil 

(Craig & Chua, 1990; Teh, 2007; Teh et al., 2008; Lee, 2009; Teh et al., 2010; Lee et al., 

2013a; Lee et al., 2013b;  Hu et al., 2014b). These studies conclusively demonstrated that a 

sand plug is entrapped beneath the foundation and is carried down into the bottom clay. 

This sand plug acts as a part of the foundation and effectively enlarges the foundation size. 

Therefore, the bearing capacity factors for a foundation deeply embedded in a single clay 

layer are no longer applicable. Due to the entrapped sand plug, the deep bearing capacity 

factor (Nc) suggested for sand over clay are generally higher than 9 ~ 14 commonly 

reported for buried flat foundation or spudcans in clay with strength increasing with depth 

(Lee et al. 2013a). A summary of different prediction methods from the literature is 

outlined in Table 8-3. A comparison among these different calculation approaches is made 

later in this chapter. 

 Deep bearing capacity factor (Nc) for clay-sand-clay 8.3.1.

The deep bearing mechanism observed in PIV experiments is given in Figure 8-14. Figure 

8-15 show the idealised form of deep bearing mechanism.  The mechanism resembles 

closely that observed by Teh et al. (2008) and Teh et al. (2010) except the entrapped clay in 

the plug. Therefore, the height of the plug Hplug should now be taken as, 

Where, Hplug(sand) is the height of the trapped sand plug and Hc is the height of the trapped 

clay plug.  As a result of the PIV visualising experiments presented in Chapter 5, Hplug(sand) 

plug plug(sand) cH H H   
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was ~0.9Hs following the recommendations of Hu et al. (2014b), and Hc is 0.07Hct. 

Referring to Figure 8-15, the height of the composite foundation Hfdn is expressed as, 

Where, t is the thickness of the foundation.  

The resistance in the bottom clay is commonly expressed as, 

Where, the first term represent the resistance from the soil and the second term represents 

the buoyancy. Nc is the deep bearing capacity factor and su is the undrained shear strength 

at the foundation position or LRP (load reference point).  

The bearing capacity factor Nc is back calculated from all the experiments using Equation 

8-8 (see Figure 8-16) at a penetration depth of 0.5D below the sand-clay interface (test 

80aSP excluded as deep penetration was not possible due to the limited depth of sample). 

Deep penetration mechanism become evident at penetration depths of 0.5D or greater as 

demonstrated by the small strain FE analyses of Lee (2009) and large deformation CEL 

analysis of Hu et al. (2014b). Some level of scatter exists in the Nc data as reflected in 

Figure 8-16.  Similar observations were made by Lee et al. (2013a) and Hu (2015). Lee et 

al. (2013a) attributed this to the metastable state of the entrapped sand plug. As penetration 

progresses into the bottom clay, the plug changes shape slightly due to the flowing 

mechanism of clay from underneath the sand plug to the side and around it (Figure 8-15). 

Note that, this scatter has direct consequences on the punch-through risk assessment as 

dpunch is a function of the bottom clay resistance qclay-bot, hence a function of Nc . 

Hu (2015) showed that, this scatter can be taken into design considerations by using a 

simple statistical approach, where σ represents the standard deviation of Nc from the mean 

(µ). They suggested that, the underlying bearing capacity be calculated for the mean Nc and 

for Nc±1σ giving upper and lower bound predictions on dpunch. This approach allows some 

of the uncertainties to be taken into account when assessing the risk of punch-through 

failure of the spudcan.  

fdn plugH H t   
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From Figure 8-16, the following expression is proposed for Nc in clay-sand-clay, 

The Nc factor is strongly correlated with the Hs/D ratio and weakly with the Hct/D ratio. 

This is expected as the sand plug height (Hplug(sand)) which is directly related to Hs, 

represents the major volumetric component of the composite soil plug. Therefore, it 

contributes more to the enlargement of the foundation size.      

The first term in Equation 8-8 indicates a small amount of top clay is entrapped beneath the 

foundation, and is pushed down together with the sand plug into the bottom clay. CEL 

simulations (Hu, 2015) on sand over clay soil (i.e. Hct/D = 0) are also plotted on Figure 

8-16.  This shows that the level of scatter from numerical simulations and experiments is 

the same. For sand over clay case (Hct/D = 0), the Nc expression above reduces to that 

proposed by Hu (2015) for sand over clay as a special case. Hence, Equation 8-8 can be 

used for both clay-sand-clay and sand over clay stratigraphy.   

Hu (2015) showed that the sand relative density (ID = 43-99%) and the base angle of the 

spudcan (θb = 0 ~ 21
o
) has no systematic impact on Nc.  This is because, the sand plug 

height was found to be independent of ID and θb. This suggests that Equation 8-8 can be 

applied for both dense and loose sand conditions with different foundation base angle.                                                                                                                                                                                                                                                                 

In summary, three estimates of qclay-bot are calculated from Equation 8-7 . One with the 

mean Nc (Equation 8-8) and the other two with ±1 of standard deviation (σ) of Nc 

representing upper and lower bounds. Along with qpeak predictions, the upper bound and 

lower bounds on dpunch can be calculated and used for routine punch-through risk 

assessment. Once Hct is set to 0 the qpeak model presented in the previous chapter reduces to 

that of Hu (2015) for sand overlying clay. Similarly the bearing capacity factor in the 

underlying clay Nc (Equation 8-8) also reduce to the equation presented by Hu (2015) for 

sand on clay. Hence, the model proposed in this thesis is a universal model suitable for both 

clay-sand-clay and sand on clay strata.   

ct s
c

H H
N 0.55 11 10.5

D D
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8.4 FULL RESISTANCE PROFILE MODEL 

 Idealised prediction profile 8.4.1.

A simplified prediction method is now proposed in which the complete resistance profile is 

idealised by four linear segments. Figure 8-17 illustrates the procedure, as explained below: 

Step 1- Find significant point (qpeak, dpeak): The peak bearing capacity (qpeak) and its 

corresponding penetration depth (dpeak) are calculated based on the peak capacity 

model (Equations 7-46 and 7-49) presented in Chapter 7.  

Step 2 - Find significant point (qd, dd): The stiff layer influence depth (dd) is calculated 

using Equation 8-3. The Houlsby & Martin (2003) solutions (qclay-top, Equation 

8-2) are used in the top clay layer, which is plotted up to the penetration depth of 

dd as point (qd, dd).  

Step 3 - Profile in top clay: Connecting the points (qpeak, dpeak) and (qd, dd) establishes the 

resistance profile in the top clay.  

Step 4 - Profile in bottom clay: The resistance in the bottom clay (qclay-bot) is estimated 

three times to take into account of the statistical variation in Nc (Equation 8-7). 

Hence, qclay-bot with mean Nc (µ) is calculated first followed by ±1 standard 

deviation (σ) from the mean Nc. σ from the experimental data was 1.73, which 

can be used to model the variation. The continuous resistance profile can be 

obtained with penetration depth of d ≥ (Hct+Hs) using Equations 8-5, 8-6, 8-7 

and 8-8. Again three profiles are obtained to include the variations of Nc1σ. 

Step 5 - Profile in sand: The foundation capacity (qclay-bot, dHct+Hs) at the sand-clay interface 

is calculated with variations of 1σ. The resistance profiles in sand are 

completed by connecting point (qpeak, dpeak) to the three points of (qclay-bot, 

dHct+Hs). 

From one peak point (qpeak, dpeak) and three resistance profiles in the bottom clay, a range of 

punch-through depths (dpunch) is estimated. The range of dpunch can be used to indicate the 

potential severity of punch-through failure.  
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The order of the prediction steps mentioned above differs from the current industrial 

practice in which either the ‘top-down’ approach or ‘bottom-up’ approach is followed by 

combining the squeezing and punch-through criteria (Hossain, 2014).  

One shortcoming of this proposed simple method is that the bottom clay Nc is applied as 

soon as the foundation base reaches the sand-clay interface. The resistance at this stage is 

still a product of the composite foundation transiting to deep penetration mechanism in the 

bottom clay, which was shown in the PIV experiments in Chapter 5 and also observed by 

Hu et al. (2014b) for sand over clay.  In another word, the deep penetration mechanism is 

not fully formed. At the transition from shallow to deep penetration depths relative to the 

bottom clay layer Nc is often under predicted (as discussed shortly in Section 8.4.3). As the 

resistance profile of the foundation in the middle sand layer is made by connecting the peak 

resistance point (qpeak, dpeak) to the resistance point at the top of the bottom clay (qclay-bot, 

dHct+Hs), the severity of punch-through is also amplified. This inaccuracy of the model, 

however, provides a safer estimation of dpunch.     

The corrent model becomes the one for sand over clay soil when Hct = 0. The only 

difference is the resistance profile above the peak resistance point (qpeak, dpeak), where the 

peak point (qpeak, dpeak) is connected to the point (0, -dspg), where dspg is the height of the 

spigot (dspg is 0 for flat foundation). 

Figure 8-18 shows a flow chart for drawing the full penetration profile. 

 Full resistance profile prediction in current guidelines  8.4.2.

For multi-layer stratigraphies involving more than two layers, the squeezing mechanism of 

the weak layer for weak over strong soil and punch-through mechanism for strong over 

weak soil are used. For a typical clay-sand-clay stratigraphy, the current design guidelines 

ISO (2012) and SNAME (2008b) suggest that analyses should commence by placing the 

foundation on top of the sand layer. Calculations are then carried out for punch-through 

failure using either the projected area (PA) method or the punching shear (PS) method. This 

establishes qpeak with its position on top of the sand. It is not clear in either these guidelines 

whether the weight of the overlying top clay is completely ignored or added on top of the 
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sand as surcharge. For evaluation and comparison purposes, it has been assumed that the 

clay acts as a surcharge of q0 = 'ctHct.   

Bearing capacity in the bottom clay is calculated as though it were a single layer without 

considering the effect of the entrapped sand plug. However, the ISO and SNAME 

guidelines acknowledge the potential presence of a sand plug (Craig & Chua, 1990) and 

suggest alternate calculation methods which cater for the entrapped sand plug (such as Teh, 

2007). It is left to user’s discretion on whether the effect of the sand plug is ignored or not 

though the former scenario is the more common among practitioners (Xie et al., 2010; 

Hossain, 2014). Again, it is unclear whether the surcharge effects of the layers above are 

considered or not. 

The final step is to calculate squeezing in the upper clay layer assuming the sand provides a 

rigid boundary. For this section a combination of single layer general bearing capacity 

solutions (Nc from Skempton, 1951 or Houlsby & Martin, 2003) and squeezing with lower 

bound factors (as = 5, bs = 0.33, see Equation 8-1) are used.   

The performance of SNAME (2008) and ISO (2012) approach against the current 

experimental database is evaluated. qpeak from the widely used punching shear approach 

and the projected area approach with su taken at surface of the bottom clay, in conjunction 

with no sand plug entrapment underneath the foundation in the bottom clay. These 

assumptions are not realistic and provides over prediction of punch-though depth dpunch. In 

calculating squeezing resistance, the effect of strength gradient is taken into account 

following the method proposed in Section 8.2.3. For qclay-top and qclay-bot, the Nc calculated 

using the equations of Houlsby & Martin (2003) are used. Table 8-3 summarise the 

calculation methods of SNAME (2008) and ISO (2012) for the bottom clay.  

 Performance of the newly developed model for full resistance profile 8.4.3.

The predicted profiles using the newly developed approach are plotted together with the 

experimental data in Figure 8-19 ~ Figure 8-22 for sand with ID = 74% and Figure 8-23 ~ 

Figure 8-27 for ID = 51%. The performance of the current ISO (2012) approach is also 

shown as a comparison.  
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When the sand layer is relatively dense, the newly developed method gives excellent 

overall predictions in Figure 8-19 ~ Figure 8-22, where the foundation resistance within the 

sand layer is well captured. The Houlsby & Martin (2003) solution agrees well with the 

resistance in the top clay. The depth of deviation dd is predicted reasonably accurately. 

With excellent qpeak predictions, the gradient of resistance above the sand layer is captured 

much better than the current ISO (2012) solution.  

The ISO (2012) solution until the deviation point merge with the current proposed solution 

as the Houlsby & Martin (2003) solution is adopted for both the ISO (2012) and the current 

approach (Figure 8-19-Figure 8-27). However, resistance starts to differ once the squeezing 

solution is adopted in ISO (2012). The ISO (2012) approach underestimates the resistance 

and at times fails to identify the punch-through risks (such as test T4FL (Figure 8-21d) & 

80cSP (Figure 8-27a), where qclay-bot is always greater than qpeak). Due to  underestimation 

of qpeak, the ability of predicting punch-through will further reduce if the additional 

resistance due to the entrapped plug under the foundation is considered (i.e. mostly qclay-bot 

> qpeak).  

For the three layer soil with a relatively loose sand layer (Figure 8-23 ~ Figure 8-27) the 

foundation resistance within the sand layer is not that well captured. This is mostly true for 

smaller Hs/D ratios, where the resistance measured within the sand are constant throughout 

(such as test 80bSP of Figure 8-25a) or be almost constant up to around mid-height of the 

sand layer then reduce gradually (see Figure 8-23).  Although the ISO approach models the 

shape of the response quite well it significantly underestimates the penetration resistance 

(Figure 8-25). This is mostly due to the inherent assumption of no soil plug entrapment 

under the foundation in the bottom clay. This causes underestimation of penetration 

resistance in the bottom clay and at times results in a better appearance of the curves.       

Figure 8-28 compares the newly developed approach with the test data by Hossain (2014), 

where the sand layer has a high relative density (ID = 89%). Excellent agreement is 

observed. 

The prediction of punch-through depth, dpunch by the newly developed approach is tabulated 

in Table 8-2. The majority of the punch-through depths are predicted within 25% by taking 
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the mean Nc (µ). A comparison among different methods in predicting dpunch is discussed 

below.  

 Model performance in predicting punch-through depth (dpunch) 8.4.4.

For any prediction model involving punch-through failures, the ability to predict the punch-

through risk and therefore the depth of the punch-through event (dpunch) is of paramount 

importance. This punch-through depth is indicative of the severity of failure for the 

particular site assessed.  

Apart from the statistical parameters used in the previous chapter to judge the performance 

of qpeak, a new parameter P(pt) which is the probability of predicting the punch-through 

event is introduced. P(pt) can be defined as follows. 

Assuming the tests are mutually exclusive (i.e. independent of each other), the probability 

of punch-through is the ratio between the number of tests which predict the punch-through 

event to the total number of tests. Mathematically, 

Hence, a probability of 0 indicates that no tests within the dataset predicts punch-through or 

dpunch, and probability of 1 indicates all the tests predicts dpunch. In light of this, the 

performance of all the available methods from the literature is shown in Table 8-4. The 

various methods with relevant equations are listed in Table 8-3. The total number of tests in 

the current data set is 24 (three tests with uncertainties in dpunch measurement have been 

excluded; refer to Chapter 5 and 6).  

Note that the various methods listed in Table 8-3 are for two layer of sand over clay soils. 

The composite foundation in the bottom clay was modelled using Equation 8-5 & 8-6, 

acknowledging the entrapment of the top clay. 

It can be seen that the newly proposed model (using mean Nc, Equation 8-8) gives a mean 

of 1.08 with the lowest standard deviation (SD) and coefficient of variation (COV) (Table 

8-4).  More importantly, the probability of punch-through is relatively high. The current 

industrial guidelines though with unrealistic assumption of no plug entrapment, are not 

punchNumber of tests predciting d
P(pt)

Totalnumber of tests
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always consistent in identifying the risk, with P(pt) being significantly less than unity. 

Among most recent methods, the method of Teh (2007) has the lowest P(pt) of 0.75. The 

modified methods of Lee (2009) & Lee et al. (2013a) give reasonable estimates of dpunch, 

however they have greater SD and COV compared to the proposed model, which itself is a 

more refined version of the same model. 

Figure 8-29 to Figure 8-33 plots the measured against the predicted dpunch for all the 

methods listed in Table 8-4. The current industrial approach in ISO (2012b) and SNAME 

(2008b) is shown in Figure 8-33.  It is seen that the punching shear (with sand frictional 

properties) approach in ISO (2012b) provides the best estimate of dpunch compared to the 

SNAME (2008b) approach of punching shear (without sand frictional properties), with the 

highest value of P(pt) of 0.67. The performance of the projected area approach is poor with 

only two tests predicting dpunch for projection angle of 1h:5v. For the higher projection 

angle of 1h:3v, only half of the tests measured dpunch. In general, the projected area method 

fails to identify the risk of punch-through or grossly undermines the risk by predicting 

lower dpunch values. The probability of predicting punch-through failure in the methods of 

punching shear or projected area would be reduced further if additional resistance in the 

bottom clay from the entrapped composite plug were considered.   

The performance of the newly developed three-layer model is given in Figure 8-33. The 

method predicts the data set of the current investigation mostly within 25% bounds with a 

P(pt) of 0.96 and COV of only 0.34. With the mean Nc (Equation 8-8), apart from a single 

test involving flat footing (T5FL) (see Figure 8-22a) all the tests predicted punch-through. 

However note that by considering the statistical variations in Nc punch-through is still 

predicted in this test ((Nc-1σ) in this case, see Figure 8-22a). This shows the potential 

significance to be gained by considering the variations in Nc and establishing a range of 

dpunch rather than a single mean value. The test data of Hossain (2014) is over predicted by 

the method. Out of the three tests of Hossain (2014), dpunch was measurable in two tests 

(FS12 & FS13) (see Table 8-2 & Figure 8-27 ). As the Hs/D ratio is higher in FS13, it was 

expected that measured dpunch would be higher as well. However, dpunch was almost identical 

in these two tests. This could be due to the fluctuations in the resistance in bottom clay with 

entrapped sand plug depth measured varying from 0.85-0.92Hs (Hossain, 2014).  
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8.5 SUMMARY  

This chapter endeavoured to develop a complete prediction model to predict the full 

resistance profile of a foundation in a three-layer of clay-sand-clay soil. The squeezing 

mechanism in the top clay layer and the deep penetration model in the bottom clay layer 

were investigated. A full resistance model was established when the peak resistance in sand 

was combined with the foundation resistance in the top and bottom clay layers. LDFE 

analyses were conducted to study the squeezing factors in the squeezing model adopted in 

the current ISO (2012) guidelines. The effect of foundation shape and roughness on the 

squeezing resistance has been explored. A methodology to predict complete resistance 

profile in clay-sand-clay and sand over clay stratigraphies was illustrated. The following 

conclusions are made, 

 The squeezing factors (as = 5; bs = 0.33) currently adopted were found to 

underestimate the penetration resistance from LDFE. Modified squeezing factors 

(as & bs) suggested for rough circular foundation are 5 (as) and 0.99 (bs) 

respectively. For smooth foundation, the corresponding values are 4.69 (as) and 

0.66 (bs) respectively. 

 

 It was shown that, as currently assumed the squeezing resistance is not only 

dependent on the clear distance between the foundation and rigid base, but also on 

the tip distance. A greater tip distance might fail to mobilise excess resistance due 

to squeezing very near the boundary. The effect of surface roughness (α) on the 

squeezing resistance was found to be ~10%. 

 

 Adopting the squeezing model with modified squeezing factors did not replicate 

the centrifuge tests well. The squeezing model is based on flat circular foundation 

only with no account given to the conical underpart of the spudcan foundation. In 

application to clay-sand-clay strata, resistance in the top clay is predicted by 

replacing the underlying sand-clay with an infinitely rigid boundary. Therefore, 

any deformation and possible mobilization of the sand-clay is not taken into 

considered. 
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 A novel approach in predicting the penetration resistance for soft clay overlying 

sand in which the stiffness properties of the underlying sand layer is catered for 

has been proposed. An expression for the boundary influence zone (dBE) was 

suggested in this respect, which depends on both the top clay and underlying sand 

layer properties. This forms an important component of the full penetration 

resistance profile prediction method. 

 

 An expression for the bearing capacity factor (Nc) in the bottom clay layer was 

developed as a function of Hct/D and Hs/D. Nc was found to strongly depend on 

Hs/D and weakly on Hct/D. 

 

A practical method to predict the full resistance profile of foundation in clay-sand-clay was 

proposed with necessary equations and flow chart presented. Together with the qpeak model 

presented in the previous chapter, the developed Nc predicted the punch-through depth 

(dpunch) with a mean of 1.08, with relatively less scatter around the mean, compared to the 

current best practice.  For dense sand the shape of the penetration curve was excellently 

predicted by the proposed approach compared to relatively loose sand. For loose sand layer 

the foundation resistance within the sand layer is not that well captured by the model 

particularly for small Hs/D. This is due to the complexity of the sand layer response where 

the penetration resistance practically remains constant with no post-peak attenuation. 

Overall, the complete prediction profile using the developed approach agreed well with the 

centrifuge experiments, and performed significantly better than the current industry 

methods. Additional verification against centrifuge data showed promising results.  

 

 One significant aspect of the developed model is that, if the top clay height Hct is set 

to 0 the model reduces to the model proposed by Hu (2015) for sand over clay 

strata. Therefore, the developed model is a universal model, which can be applied 

to both clay-sand-clay as well as sand overlying clay stratigraphies by coding the 

expressions on a spreadsheet once only.    
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The next chapter provides conclusion on the thesis, as well as some future research areas 

are identified. 
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Table 8-1 Summary of LDFE analyses investigating squeezing 

Test Hclay 

(m) 

D (m) Hclay/D dtip/D su    

(kPa) 

Eclay/su γˈc (kN/m
3
) δ/D α Foundation type Remarks 

FL1 1.8 6 0.3 0 10 350 6.5 3.33x10
-5

 1 & 0 Flat  

 

Total 20 LDFE analyses performed, 

investigating squeezing for soft clay 

overlying a rigid undeformable boundary. 

The main goal is to find the theoretical 

squeezing factors as & bs for both rough (α 

= 1) and smooth (α = 0) foundation. 

FL2 3.6 6 0.6 0 10 350 6.5 3.33x10
-5

 1 & 0 Flat 

FL3 4.8 6 0.8 0 10 350 6.5 3.33x10
-5

 1 & 0 Flat 

FL4 6 6 1 0 10 350 6.5 3.33x10
-5

 1 & 0 Flat 

FL5 60 6 10 0 10 350 6.5 3.33x10
-5

 1 & 0 Flat 

SP1 1.8 6 0.3 0.23 10 350 6.5 3.33x10
-5

 1 & 0 Spudcan 

SP2 3.6 6 0.6 0.23 10 350 6.5 3.33x10
-5

 1 & 0 Spudcan 

SP3 4.8 6 0.8 0.23 10 350 6.5 3.33x10
-5

 1 & 0 Spudcan 

SP4 6 6 1 0.23 10 350 6.5 3.33x10
-5

 1 & 0 Spudcan 

SP5 60 6 10 0.23 10 350 6.5 3.33x10
-5

 1 & 0 Spudcan 
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                    Table 8-2 Predicted punch-through depth (dpunch) using the developed model  

Test dpunch (measured) (m) dpunch (predicted) (m) 

µ (m) ±1σ (m) 

T1SP 7.11 7.21 6.01-8.67 

T2SP 8.41 7.93 6.63-9.50 

T3SP 10.24 8.58 7.22-10.24 

T4SP 5.32 6.47 5.39-7.80 

T5SP 4.24 4.59 3.36-6.17 

T1FL 4.81 4.81 3.82-6.01 

T2FL 8.12 5.26 4.20-6.54 

T3FL 9.65 5.72 4.60-7.07 

T4FL 4.29 4.38 5.48 

T5FL 3.26 - 2.45 

T6FL 13.76 10.51 9.31-11.92 

80aSP 7.00 10.23 8.74-12.11 

70aSP 7.80 10.30 8.86-12.1 

60aSP 10.40 10.39 9.01-12.10 

50aSp 11.40 10.52 9.21-12.11 

30aSP 15.80 10.89 9.82-12.15 

30aFL 15.40 10.32 9.28-11.53 

80bSP 4.10 6.87 5.40-8.78 

60bSP 4.90 6.96 5.56-8.73 

40bSP 8.10 7.18 5.91-8.73 

30bSP 10.00 7.35 6.20-8.74 

80cSP 5.00 6.21 4.87-7.95 

40cSP 5.40 6.46 5.31-7.88 

30cSP 9.60 6.62 5.57-7.89 

FS12* 5.02 8.24 6.82-10.07 

FS13* 5.0 10.22 8.67-12.19 

* Test data from Hossain (2014) 
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Table 8-3 Summary of available calculation models for bearing capacity in underlying clay 

Method Bearing capacity model in underlying clay after 

penetration through sand 

Remarks 

Teh (2007) 

 
c

4s H 4Vua side fdn f
q N s 'clay u(base) cb2

D D


   


 

c

d Hplug
N 10 1 0.075 11.5

D



  
 
  
 

 

Parameters 

 

Nc: Hossain et al. (2006) 

su(base) :Undrained shear strength at the base of the composite 

foundation 

αside : Side sand-clay interface adhesion factor equal to unity 

Hfdn : Height of composite foundation  

Vf : Volume of embedded foundation 

D : Diameter of foundation 

d:  Foundation penetration depth 

γ׳cb: Effective unit weight of bottom clay 

Method adopted from Craig & 

Chua (1990) with modified Nc. 

Considers additional resistance 

due to shearing around the 

periphery of the plug and 

foundation thickness. Reported 

as alternate calculation 

methods in SNAME (2008) 

and ISO (2012).  

 

SNAME (2008) i) With Plug :

c

4s H 4Vua side fdn f
q N s 'clay u(base) cb2

D D


   


 

 

ii) Without plug : 

c

4Vf
q N s q 'uclay cb2o

D
   


 

Parameters 

 

Nc: Hossain et al.(2006)(With plug) ; Houlsby & Martin 

(2003)  (Without Plug) 

su : Strength  at foundation base level 

qo : Surcharge at foundation base level  

Recommends evaluation of 

bearing capacity with 

entrapped plug following 

experimental observations of 

Craig & Chua (1990). 

However, as qpeak predictions 

are smaller possibilities of 

predicting punch-through is 

greater without considering 

any plug entrapment. 

Lee (2009) 

 
c

c

c c c

c

d d Hbase base fdn
N 4 9; (shallow mechanism)

D D D

H1 fdn
Hfdn2 D

N 1 18.2 0.7 2 ;
d Dbase

1
D

H d Hfdn base fdn
1.2 & 0.5 (deepmechanism)

D D D

N (design) Minimum(N (shallow), N (deep))

q N s 'clay u(base) c

  



   

 

  



  

 
   

    
  

 

Hb fdn

 

Parameters 

 

dbase : Position of the bottom of the base from the bottom sand-

clay intercept                                                           

 κ : Non dimensional strength gradient
D

subi


 

 

 

 

Small strain FE analysis using 

Plaxis, modelled as a 

cylindrical composite 

foundation.  Continuous 

penetration not modelled such 

as in LDFE or CEL 

simulations. 
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ISO (2012) i) With Plug:

c

4s H 4Vua side fdn f
q N s 'clay u(base) cb2

D D


   


 

 

ii) Without plug: 

c

4Vf
q N s q 'uclay cb2o

D
   


 

Parameters 

 

Nc: Hossain et al.(2006)(With plug) ; Houlsby & Martin 

(2003)  (Without Plug) 

su : Strength  at foundation base level 

qo : Surcharge at foundation base level 

Essentially identical approach 

to SNAME (2008). However, 

qpeak calculation approach 

differs. 

Lee et al. 

(2013a) 
c

H Hs sN 14 9.5; 0.21 1.12
DD

     

cq N s ' Huclay cb fdn    

 

Parameters 

 

Hs : Sand height 

su  : Strength at foundation base level 

Centrifuge tests in dense sand 

over clay with flat and spudcan 

foundation. Spudcan 

foundations involved only a 

single type with 13o base 

angle; hence, effect of 

different shape could not be 

explored.  

 

             (Table 8-3 continued) 
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Table 8-4 Performance of different models in predicting dpunch 

 

          Method 

                                 dpunch(measured)/dpunch(predicted) 

Mean Max Min SD COV P(pt) 

       

Teh(2007) 0.98 2.00 0.66 0.51 0.51 0.75 

SNAME (2008) 

(Punching shear with 

no plug entrapment) 

1.36 1.70 1.06 0.71 0.52 0.5 

SNAME (2008) or 

ISO (2012)  

Projected area (1h:3v) 

1.69 2.00 0.98 0.89 0.52 0.5 

SNAME (2008) or 

ISO (2012)  

Projected area 

(1h:5v)* 

2.53 2.60 2.47 - - 0.08 

Lee (2009) 1.16 2.21 0.76 0.43 0.37 0.96 

ISO (2012) 

(Punching shear with 

no plug entrapment) 

 

1.11 

 

1.74 

 

0.79 

 

0.57 

 

0.51 

 

0.67 

Lee et al. (2013a) 1.16 2.57 0.65 0.51 0.43 0.96 

Proposed model 1.08 1.68 0.59 0.37 0.34 0.96 

* Standard deviation (SD) or coefficient of variation (COV) not calculated due to very low P(pt) 
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Figure 8-1 Establishing theoretical squeezing factors (as & bs) for rough foundation a) Flat 

foundation & b) Spudcan foundation 

 

 

 

Figure 8-2 Establishing theoretical squeezing factors (as & bs) for smooth foundation a) Flat 

foundation & b) Spudcan foundation 
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Figure 8-3 Effect of foundation roughness (α) on squeezing resistance 

 

 

 

 

Figure 8-4 Method to evaluate squeezing in soft clay with strength increasing with depth a) Position 

1 & b) Position 2 
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Figure 8-5  Comparison between experimental and predicted squeezing resistance in top clay with 

modified squeezing factors 

 

Figure 8-6  Evaluating surface roughness (α) in centrifuge experiments with LDFE 
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Figure 8-7 Effect of boundary conditions on bottom boundary influence zone 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8-8 Effect of loose sand (Relative density of 51%) on the transition from single layer clay 

type response 
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Figure 8-9 Bottom boundary influence zone in two layer sand (after Ahmadi & Robertson, 2005) 
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Figure 8-10 Parametric study on the bottom boundary influence zone dBE for φcv of 30
o
; a) Hs/D = 

0.16, b) Hs/D = 0.25, c) Hs/D = 0.33 & d) Hs/D = 0.50 
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Figure 8-11 Parametric study on the bottom boundary influence zone dBE for φcv of 30
o
; a) Hs/D = 

0.75, b) Hs/D = 1.0 & c) Hs/D = 1.20 
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Figure 8-12 Procedure for predicting resistance in top clay for clay-sand-clay stratigraphy 

 

 

Figure 8-13  Flow chart for predicting resistance profile in top clay 
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Figure 8-14 Deep bearing capacity mechanism in clay-sand-clay from PIV analysis 

 

Figure 8-15 Idealised deep bearing mechanism in clay-sand-clay 
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Figure 8-16 Bearing capacity factor Nc in the underlying clay 

 

Figure 8-17 Simplified full profile prediction method for clay-sand-clay 
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Figure 8-18 Flow chart of full resistance profile in clay-sand-clay soil  
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Figure 8-19  Performance of the new model in spudcan penetration tests with dense sand for D = 6 

m, Hs/D = 0.33, ID = 74% a) Test T1SP (Hct/D = 0.40), b) T2SP (Hct/D = 0.72), c) T3SP (Hct/D = 0.91) 

& 4) T4SP (Hct/D = 0) 

 

 

(a) (b)

(c) (d)

-4

-2

0

2

4

6

8

10

12

14

16

0 200 400 600 800 1000
d

(m
)

qnom (kPa)

-4

-2

0

2

4

6

8

10

12

14

16

18

0 200 400 600 800 1000

d
(m

)

qnom (kPa)

Test : T2SP

D=6 m

Hct =4.32 m

Hs =4 m

-4

-2

0

2

4

6

8

10

12

14

16

18

20

0 200 400 600 800 1000

d
(m

)

qnom (kPa)

Test : T3SP

D=6 m

Hct =5.47 m

Hs =4 m

-4

-2

0

2

4

6

8

10

12

0 200 400 600 800 1000

d
(m

)
qnom (kPa)

Clay

Sand

Test : T4SP

D=6 m

Hct =0  m

Hs =4 m

Clay

Clay

Sand

(ID=74%)

μ +1σ-1σ

ISO (2012)

Test : T1SP

D=6 m

Hct =2.38 m

Hs =4 m

Test
Predicted



Jackup Foundation Punch-Through                                                Centre for Offshore Foundation Systems  

in Clay with Interbedded Sand                                                            The University of Western Australia 

8-40 

 

 

 

 

Figure 8-20 Performance of the new model in spudcan penetration tests with dense sand for D = 6 

m, Hct/D  0.65, ID = 74% a) Test T5SP (Hs/D = 0.33) & b) T6SP (Hs/D = 1.0) 
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Figure 8-21 Performance of the new model in flat footing penetration tests with dense sand for D = 

6 m, Hs/D = 0.67, ID = 74% a) Test T1FL (Hct/D = 0.39), b) T2FL (Hct/D = 0.67), c) T3FL (Hct/D = 

0.85) & d) T4FL (Hct/D = 0) 
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Figure 8-22 Performance of the new model in flat footing penetration tests with dense sand for D = 

6 m, Hct/D  0.65, ID = 74% a) Test T5FL (Hs/D = 0.33) and b) T6FL (Hs/D = 1.0) 
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Figure 8-23 Performance of the new model in spudcan penetration tests with loose sand for Hct = 

6.42 m, Hs = 6.25 m, ID = 51% a) Test 80aSP (D = 16 m), b) 70aSP (D = 14 m), c) 60aSP (D = 12 m) 

& d) 50aSP (D = 10 m) 
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Figure 8-24 Performance of the new model in spudcan penetration tests with loose sand for Hct = 

6.42 m, Hs = 6.25 m, ID = 51% a) Test 30aSP & b) 30bSP 

Figure 8-25 Performance of the new model in spudcan penetration tests with loose sand for Hct = 

6.32 m, Hs = 4 m, ID = 51% a) Test 80bSP, b) 60bSP 
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Figure 8-26 Performance of the new model in penetration tests with loose sand for Hct = 6.32 m, Hs 

= 4 m, ID = 51% a) Test 60bFL (Flat footing, D = 12 m), b) 40bSP (Spudcan, D = 8 m) & c) 30bSP 

(Spudcan, D = 6 m) 
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Figure 8-27 Performance of the new model in penetration tests with loose sand for Hct = 4 m, Hs = 4 

m, ID = 51% a) Test 80cSP (Spudcan, D = 16 m), b) 80cFL (Flat footing, D = 16 m), c) 40cSP 

(Spudcan, D = 8 m) & d) 30cSP (Spudcan, D = 6 m) 
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Figure 8-28 Performance of the new model approach against spudcan test data of Hossain (2014), D 

= 6 m, Hct =3.7 m a) Test FS12 (Hs = 1.5 m), b) FS13 (Hs = 2 m) & c) FS14 (Hs = 4 m) 
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Figure 8-29 Measured against predicted punch-through depth for the method of Teh (2007) (COV 

= 0.51, P(pt) = 0.75) 
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Figure 8-30 Measured against predicted punch-through depth for the method of Lee (2009) (COV = 

0.37, P(pt) = 0.96) 

Figure 8-31 Measured against predicted punch-through depth for the method of Lee et al. (2013a) 

(COV = 0.43, P(pt) = 0.96) 

0

5

10

15

20

25

0 5 10 15 20 25

d
p

u
n

ch
(m

ea
su

re
d

) 
(m

)

dpunch (predicted) (m)

Lee (2009)

25% variation line

LoE

0

5

10

15

20

25

0 5 10 15 20 25

d
p

u
n

ch
(m

ea
su

re
d
) 
(m

)

dpunch (predicted) (m)

Lee et al. (2013a)

25% variation line

LoE



Jackup Foundation Punch-Through                                                Centre for Offshore Foundation Systems  

in Clay with Interbedded Sand                                                            The University of Western Australia 

8-50 

 

 

Figure 8-32 Measured against predicted punch-through depth for the ISO (2012) & SNAME (2008) 

approach (COV = 0.51-0.52, P(pt) = 0.08-0.67) 
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Figure 8-33 Measured against predicted punch-through depth for the newly proposed method 

(COV = 0.34, P(pt) = 0.96)  
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CHAPTER 9.  CONCLUSION 

9.1 INTRODUCTION 

This thesis is concerned in developing site assessment guidelines for jackup installation in 

multi-layer clay-sand-clay stratigraphy. Both centrifuge testing and large deformation finite 

element (LDFE) analyses have been conducted to identify the soil flow mechanisms and 

punch-through failure potentials during spudcan penetrations.  

Before the spudcan penetration tests in centrifuge were started, the LDFE analysis was 

performed to investigate the effect of strongbox boundaries in model centrifuge 

experiments of large spudcan foundations. Both the bottom boundary and the sidewall or 

lateral boundary have been investigated in single (uniform sand or clay) and two layer 

(sand on clay) stratigraphies. A methodical framework termed as ‘step zero’ has been 

developed for planning and then executing expensive and laborious centrifuge experiments. 

The main aim of the boundary effect analyses was to ensure that any boundary effects on 

the measured penetration resistance could be detected in future clay-sand-clay centrifuge 

tests. Whilst the step zero approach ensured that the event of punch-through and its severity 

be observed, and the punch-through depth be measured in the experiments.   

Utilising the results of LDFE and the step zero approach a series of PIV experiments were 

planned and conducted in the UWA drum centrifuge on dense sand (ID = 74%) interbedded 

in clay. Additional centrifuge tests were conducted on relatively medium dense sand (ID = 

51%) interbedded in clay. These formed the database of which an extended failure stress 

dependent model was developed and verified for peak bearing capacity in clay-sand-clay.  

New methods to calculate the bearing capacity in the top and bottom clay were described 

following experimental observations. The results culminated in a framework by which the 

complete resistance profile in clay-sand-clay as well as sand on clay can be drawn, which 

allow the punch-through risk to be evaluated prior to jackup installation. Comparisons were 

made with the newly suggested approach to that of the current industrial guidelines 

documented in SNAME (2008) and ISO (2012), as well as other methods available in the 

literature. The main conclusions of this research are discussed in this chapter.     
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9.2 BOUNDARY EFFECTS IN CENTRIFUGE EXPERIMENTS 

LDFE/RITSS based analyses were undertaken to investigate the boundary effects in model 

centrifuge tests involving large spudcan foundations. The conclusions are discussed below. 

 Bottom boundary effect 9.2.1.

A design chart was presented to determine the bottom boundary influence zone (dBE). It 

was shown that dBE is larger for sand over clay strata relative to uniform single layer clay.  

This large dBE was due to the entrapment of the sand plug beneath the foundation, which 

effectively enlarges the foundation size. A simple linear expression was provided to 

calculate this dBE, within a range of normalised sand height ratio of Hs/D = 0 - 2.  

The design chart (Figure 3-6) and the design formula (Equation 3-1) of the bottom 

boundary influence zone can be used to plan the centrifuge tests involving punch-through 

failure. Thus, the punch-through depth can be measured more accurately without the 

influence of the bottom boundary of the centrifuge strongbox.  

 Lateral boundary effect 9.2.2.

Lateral boundary effect was investigated for different soil profiles, including single layer 

uniform clay, single layer of sand and two layer of sand on clay. A design chart was 

developed to estimate the safe lateral boundary distance (LBD) required in centrifuge 

experiments with different soil profiles. Both rough and smooth boundary wall conditions 

were investigated providing upper and lower bounds on LBD.   

In general, it was shown that the LBD requirement progressively increases from a uniform 

clay stratum to sand overlying clay, to a maximum for uniform sand stratigraphy. For 

uniform clay strata, the LBD may be taken as 1.5D if the boundary is rough and 2D when it 

is smooth. Whereas for uniform sand layer LBD can be taken as 5D for both smooth and 

rough boundary condition. For sand over clay soils, LBD increases with increasing Hs/D, 

and for shallow penetration up to peak LBD increases with increasing boundary roughness. 

It was shown that when spudcan foundation was close to the lateral boundary (< LBD), the 

boundary roughness influences not only the shear stress generated beneath the foundation, 

but also affects the soil surface heave profile.  
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The estimated safe lateral boundary distance can be used to aid in centrifuge test planning 

based on the soil layer profile, the roughness of the strongbox boundary (smooth or rough) 

and the foundation size (D). Thus, the centrifuge strongbox space can be optimised to 

perform as many foundation penetration tests as possible without compromising test 

quality. 

9.3 A METHODICAL APPROACH IN PLANNING CENTRIFUGE 

TESTS 

 ‘Step zero’ approach 9.3.1.

Significant emphasis has been given in this thesis on planning centrifuge tests of large 

offshore foundaitons in multi-layer stratigraphies. A systematic approach has been 

developed in this respect referred to as ‘step zero’. ‘Step zero’ involves forward planning to 

provide forecasts of the expected outcomes of the experiment. This gives an opportunity to 

the geotechnical modeller to decide whether the planned investigation is satisfactory or 

some further refinement is necessary on planning. The ‘step zero’ approach was 

implemented for foundation penetration in clay-sand-clay for the centrifuge tests here, and 

was found to be satisfactory in safeguarding the experiments to obtain enough data needed 

for analysis. The main focuses of the experiments here were: firstly, modelling the punch-

through risk itself; and secondly modelling the punch-through depth correctly within the 

limited sample depth available in the centrifuge strongbox. There was no supplementary 

test needed. 

9.4 ANALYTICAL MODEL FOR PUNCH-THROUGH IN CLAY-

SAND-CLAY STRATA 

 Introduction 9.4.1.

In this section, the PIV experiments data were firstly analysed to establish the soil failure 

mechanisms at foundation peak resistance. Then, the penetration resistance data, combined 

with the PIV flow mechanism observations at several key penetration depth locations, a full 

foundation resistance model was developed when it penetrated through the top clay layer 

and bottom clay layer. 
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 PIV experiments 9.4.2.

There were 12 centrifuge visualisation experiments carried out on clay-sand-clay with 

dense sand (ID = 74%) in purpose-designed strongboxes fitted with a transparent acrylic 

window. Digital images were captured inflight at a rate of 5Hz, later analysed by the PIV 

(Particle Image Velocimetry) technique.  

The peak bearing mechanism suggested that a frustum of relatively thin top clay and sand 

plug was sheared off into the bottom clay at a particular angle. It was verified that this 

projection angle could be taken as the dilitancy angle ψ estimated from some modification 

of the strength-dilitancy relationship of Bolton (1986). Some backfill above the foundation 

was noted as well as surface heave. An expression of spudcan penetration depth (dpeak) 

needed to reach its peak capacity (qpeak) was suggested, which depends on the top clay and 

sand height only. The established failure mechanism based on the PIV experiments serves 

as a basis on which a limit equilibrium model was developed to calculate the peak punch-

through capacity (qpeak). 

 Additional centrifuge experiments 9.4.3.

There were 15 additional centrifuge tests were conducted on clay-sand-clay with medium 

dense sand (ID = 51%) utilising the UWA drum centrifuge. This provided a comprehensive 

database to verify the developed analytical model on clay-sand-clay. Challenging aspects in 

multi-layer sample preparation in drum centrifuge testing channel were discussed. To 

maximise the soil layer profiles in one channel tests and to keep the drum centrifuge in 

good balance in flight all the time, the strategy was to keep the bottom clay profile and 

conduct the foundation penetration test with thickest interbedded sand layer first followed 

by the thinner sand layers.   

By comparing the foundation resistance profiles with the middle sand layer densities of ID = 

51% and 74%, it was shown that the soil with a dense sand layer produced punch-through 

failure with  post peak attenuation relative to the soil with a loose sand layer-which mostly 

showed runout of the foundation with no significant post peak attenuation.  
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 Peak foundation resistance prediction model 9.4.4.

An extended failure stress dependent model was presented for clay-sand-clay furthering 

previous work of Lee (2009) and Hu (2015) on sand overlying clay soils. During peak as 

some top clay is entrapped beneath the foundation, the shear contribution of the top clay 

can be accounted by taking an average strength of the layer. In this model the friction angle 

is modelled by an iterative procedure through Bolton’s (1986) strength-dilitancy 

relationship by replacing the mean stress by the peak capacity and taking the constant m of 

2.65 (Equation 7-53 to 7-56) following observations of Lee (2009). The peak mobilisation 

depth into the sand layer has been considered in developing the model. The effects of any 

surface heave and backfill above the foundation have been accounted.    

The developed model performed significantly better than the current SNAME (2008) and 

ISO (2012) suggested approaches, which tend to significantly underestimate the peak 

resistance. On average, the developed model predicted peak within 6% with a standard 

deviation of only 0.12 and coefficient of variation of 0.11, which were significantly lower 

than industry guideline approaches of punching shear and projected area/load spread 

methods (Chapter 7). The model gave promising results when judged against additional 

clay-sand-clay data from the literature. 

The newly developed model can also be used for sand over clay soils. When the top clay 

height Hct is set to zero, the peak foundation resistance equation reduces to that presented 

by Hu (2015) for sand on clay. Additional verification of the model for 57 tests on sand 

over clay strata available in the literature suggested excellent agreement over a wide range 

of geometry and material property conditions. This gives confidence in applying the 

developed model for both three layer clay-sand-clay and two layer sand on clay 

stratigraphies with diverse material property values. This is achieved without the need of 

any design charts avoiding interpolation errors as close form expressions are provided 

which can be coded onto a spreadsheet, facilitating quick sensitivity analysis. 

An extension by considering surcharge above the sand layer to the sand over clay model by 

Teh (2007) was also performed for comparison purpose, allowing modelling of the top clay 

layer as an effective surcharge. Using this extended method qpeak was predicted reasonably 
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well (mostly within 20 %), however it was inconsistent in identifying the punch-through 

risk.     

 Foundation capacity in top clay 9.4.5.

The lower bound bearing capacity solution from Houlsby & Martin (2003) was 

recommended to predict the resistance in top clay. This solution is also adopted in ISO 

(2012). LDFE analyses were undertaken to provide theoretical estimates of the squeezing 

factors recommended in the guidelines. It was found that the squeezing factors were higher 

than that currently adopted in ISO (2012).  

It was shown that the increase in resistance near the top of sand was not well captured by 

the squeezing model even with improved squeezing factors. The application of the 

squeezing model was limited to flat circular foundation penetrating soft clay overlying a 

rigid platform. No regard was given to the spudcan conical underpart; neither consideration 

was given to any possible sand layer deformation. The PIV mechanisms suggested that the 

drastic rise in resistance just above the sand layer was due to the shearing resistance in the 

top clay and middle sand layers, in addition to the surface capacity of the bottom clay layer. 

There was no soil horizontal squeezing observed, as suggested, in the top clay layer, except 

when the top clay layer was relatively thin.  

Therefore, a new empirical approach was suggested to model the rise in resistance by 

joining two significant points: the point of penetration resistance deviated from the solution 

from Houlsby & Martin (2003) in top clay and the point of peak resistance in sand. This 

indirectly accounted for any possible layer deformation and stiffness properties of the 

underlying layers. In this manner, the interdependency of penetration resistance on 

adjoining layers was modelled simplistically.    

 Bearing capacity in the underlying clay layer 9.4.6.

Following visualising experiments, it was confirmed that a composite plug was pushed 

down into the bottom clay. This plug consisted top clay and sand. A bearing capacity factor 

(Nc) equation was suggested to predict the resistance in the bottom clay. Nc depends weakly 

on the normalised top clay height (Hct/D) and strongly on the normalised sand height 

(Hs/D). If Hct is set to zero the bearing capacity factor reduces to that proposed in Hu 
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(2015) for sand overlying clay strata. Hence similar to the peak punch-through capacity 

(qpeak) the bottom clay Nc reduces to that for sand over clay stratigraphy when Hct is set to 

zero. Hence, the model developed is a universal model where the complete resistance 

profile can be drawn for clay-sand-clay as well as sand on clay stratigraphies.  

 Full foundation resistance prediction model 9.4.7.

Combining the resistance predictions in all three layers a framework for complete 

prediction profile for jackup foundations in clay-sand-clay or sand on clay (by setting Hct to 

zero) was proposed. This profile allows the punch-through risk to be evaluated for routine 

jack up site assessment.  The developed model excellently captures the overall shape of 

penetration resistance curves for dense sand. For loose sand, the foundation resistance 

within the sand layer is not that well captured by the model, particularly for thinner sand 

layers (low Hs/D). This is due to the complexity of the sand layer response for foundations 

in thin sand layers, where the penetration resistance can practically remain constant within 

the sand with no post-peak attenuation. For these situations the model safely overestimates 

the punch-through depth.  

9.5 PERFORMANCE OF THE NEWLY DEVELOPED 

PREDICTION METHOD ON FULL PENETRATION PROFILE 

A comparison of the developed prediction method suggested significant improvement over 

the ISO (2012) and SNAME (2008) documented approaches. The guidelines approaches 

were not always consistent in identifying the punch-through risk. The developed method 

predicted the punch-through depth mostly within 25%. The comparison against industry 

guidelines suggested approaches showed that the new method is highly consistent, accurate 

and reliable in predicting the punch-through risk.  Additional performance assessment of 

the model against limited test data of Hossain (2014) in dense sand interbedded in clay 

showed excellent agreement. Where only experimental data with full spudcan was 

presented in Hossain (2014) for clay-sand-clay, this thesis presented both PIV tests with 

half model foundations as well as full foundation tests over a wider range of soil properties 

and foundation geometries. In brief, the Hossain’s (2014) observations and the penetration 

resistance curves presented are in general accord with this thesis. However, no discussion 
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on the entrapped top clay and its height was mentioned in Hossain (2014) for clay-sand-

clay, due to absence of PIV observations. 

Due to lack of substantial data, verification against field offshore investigation was not 

possible. Most of the experimental data in layered stratigraphy available in the literature 

were concerned with siliceous sand. Although the framework developed in general is 

applicable to any sand mineralogy, additional verification against more compressible 

carbonate sand found offshore is useful in this respect. 

9.6 FUTURE RECOMMENDATIONS 

 Centrifuge tests in sand with clay seams 9.6.1.

The centrifuge experiments carried out in this thesis were with only a uniform layer of 

single material (either sand or clay). It is common to have layers of thin clay seams 

interbedded within a thick layer of sand, giving rise to more complex highly intra-stratified 

deposits. Baglioni et al. (1982) gave an example of such profile from offshore South 

America. These weaker clay seams can significantly reduce the bearing capacity of the sand 

layer. Centrifuge testing on more complex intra stratified deposits with different sand 

mineralogy is worthwhile exploring.  

 LDFE analyses 9.6.2.

Future LDFE analysis on clay-sand-clay can be performed. Finite element analyses are 

relatively inexpensive to conduct. However, the use of sophisticated constitutive models is 

necessary to replicate many of the real soil behaviour. The centrifuge database and 

visualisation mechanisms can work as a platform in further development of sand 

constitutive models and verification of large deformation finite element analysis on clay-

sand-clay stratigraphies. It will be of practical interest to extend the boundary effect 

analyses to more complex multi-layer stratigraphies.  

It has been shown that even very thin layer of sand may cause significant risk of punch-

through failure. It will be of great interest to develop innovative foundations and invest in 

developing inexpensive punch-through mitigation techniques.  
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