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ABSTRACT 

This paper presents and discusses results from a series of cone, vane and footing tests in a carbonate silty sand, conducted 

in a geotechnical centrifuge, that investigate how drainage effects scale with the diameter of the device/foundation. The 

tests involved different penetration and rotational velocities to quantify how velocity influences the drainage response, 

and in turn, the magnitude of the deduced soil strength. Cone and foundation resistance, and the shear stress measured in 

the vane tests, were seen to increase with increasing penetration/rotational velocity, consistent with a dilatant shearing 

response. The collective dataset is interpreted within the ‘drainage backbone curve’ framework, with an attempt made to 

understand how drainage path length varies for the different devices and is affected by stress level. 
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1. Introduction 

1.1. Background 

In offshore geotechnical design, a crucial requirement 

is the reliable prediction of soil strength at various stages 

in the lifespan of an offshore foundation. The shear 

strength of soil supporting such a foundation can undergo 

changes due to factors like drainage/consolidation, strain 

softening (partial or full remoulding), and viscous rate 

effects. The significance of some of these effects varies 

depending on the soil type; for example, strain rate 

effects may be negligible in coarse-grained soils. 

In situ penetrometer tests, whether using a cone or full 

flow penetrometer, offer the advantage of modelling the 

aforementioned effects. However, conventional cone 

penetrometer tests typically involve penetration at the 

industry standard velocity of 2 cm/s (for a 10 cm2 cone). 

In fine-grained soils the measured penetration resistance 

is often used to establish the undrained shear strength 

under the assumption that penetrating at 2 cm/s will 

generate undrained conditions. In contrast, for coarse 

grained soils, the penetration resistance is often used to 

estimate the relative density of the soil, with the 

assumption that penetrating at 2 cm/s generates drained 

conditions. However, for intermediate soils the reality is 

quite often somewhere in-between, i.e., neither fully 

drained nor fully undrained. 

There have been several experimental studies over the 

past couple of decades that have quantified the effect of 

penetration rate – and hence drainage conditions – on the 

response of clays and silts that exhibit a contractile 

response during shearing (e.g. Finnie and Randolph 

1994; House et al. 2001; Randolph and Hope 2004; 

Mahmoodzadeh and Randolph 2014; Chow et al. 2020). 

In contrast there have been very few equivalent studies in 

soils that dilate during shearing (Wroth et al. 2022). 

These studies account for changing drainage 

conditions through a dimensionless velocity:  

V = 
𝑣𝐷

𝑐𝑣
 𝑜𝑟 𝑉՛ =

𝑣𝐷

𝑐ℎ
  (1) 

where v is the penetration velocity, D is the diameter (and 

assumed to be proportional to the drainage path length) 

and  𝑐𝑣 or 𝑐ℎ  are the vertical or horizontal coefficients of 

consolidation, respectively.  

The above studies quantify the variation of 

penetrometer or footing resistance, q, with dimensionless 

velocity, V, (or V'), with different threshold values of 

dimensionless velocity proposed to identify the transition 

to drained and undrained resistance. The change in 

resistance with dimensionless velocity can be 

approximated using a ‘back-bone curve’ of the form (Lee 

and Randolph 2011): 

𝑞

𝑞𝑢
= 1 +

𝑞𝑑
𝑞𝑢

−1

(1+(𝑉
𝑉50

⁄ )𝑑 (2) 

where qu is the undrained resistance, qd is the drained 

resistance, V50 is the dimensionless velocity V associated 

with 50% consolidation, and d is an exponent that 

controls the steepness of the backbone curve (and hence 

how abruptly resistance changes with increasing 

dimensionless velocity).  

Different studies have recommended different values 

of V50 for different boundary value problems and soil 

types (Finnie and Randolph 1994; Chow et al. 2020; 

Wroth et al. 2022). It remains unclear whether these 

disparities are to do with differences in drainage length 

scales for different devices (compared to the device 

diameter, for example), or because of errors in 

quantifying cv or ch. 

This study explores whether drainage condition 

scales with the dimension of the foundation or the in situ 

strength measurement device by performing tests on 

different devices (at different embedments) in a single 

soil sample. The tests were conducted in a geotechnical 



 

centrifuge using a reconstituted carbonate silty sand, 

recovered from the near-surface seabed on the North 

West Shelf of Australia in approximately 100 m water 

depth. 

2. Experimental methods 

2.1. Overview 

The experimental programme was carried out in the 

small beam geotechnical centrifuge (Randolph et al. 

1991) located at the National Geotechnical Centrifuge 

Facility (NGCF) in the University of Western Australia 

(UWA). The programme was conducted at a testing 

acceleration of 30g and included cone penetration tests 

(CPTs), vane shear tests and circular foundation tests. 

Drainage conditions were varied in the tests by 

penetrating the cone penetrometer and footing at 

different velocities, and by rotating the vane at different 

rotational velocities. Details of the equipment are as 

follows: 

• a 10 mm diameter piezocone penetrometer (with 

the separately measurement of tip resistance, ‘u2’ 

pore pressure and sleeve friction), 

• a 40 mm diameter footing (with a pore pressure 

transducer located at the centre of the foundation 

base), and 

• a vane shear device with two different blade 

diameters: 19 mm and 29 mm (both with a blade 

height of 29 mm). 

One sample of carbonate silty sand was prepared in a 

sample container (or ‘strongbox’) with plan dimensions 

of 1300 by 390 mm and a depth of 325 mm. A schematic 

view of the individual tests is shown in Fig.1. 

 

 
Figure 1. Schematic view of the vane shear, piezocone 

and circular foundation. 

2.2. Sample preparation 

The sample was prepared using a carbonate silty sand 

with a 44% fines content, median grain size, d50 = 0.085 

mm and carbonate content of 92% (O’Beirne et al. 2020). 

Oedometer tests on this soil indicated that for the tests 

described here, the representative vertical coefficient of 

consolidation, cv = 100 m2/year, while the dissipation 

stage of a piezocone test (conducted in a different 

sample) indicated a representative horizontal coefficient 

of consolidation, ch = 210 m2/year (O’Beirne et al. 2020). 

The carbonate silty sand was mixed by hand to a 

moisture content of 40% and placed (by hand) in three 

layers into the strongbox, each compacted with 15 blows 

of a 2 kg weight from a height of approximately 200 mm. 

The sample was then submerged with tap water with free 

water height of 50 to 60 mm to create a saturated 

condition and then consolidated in the centrifuge at 150g 

(after a gradual ramp-up with pauses at 5g, 25g and 60g 

to prevent segregation). Settlement of the sample surface 

during self-weight consolidation was monitored with a 

linear displacement transducer. These measurements 

indicated that consolidation was essentially complete 

after approximately 3 hours. Two spin up/down cycles to 

150g were then performed in an attempt to ‘shake-down’ 

the sample to an equilibrium density state. The sample 

(which was then 72 mm deep) was then spun at the testing 

acceleration of 30g such that during testing the over 

consolidation ratio, OCR = 5. 

2.3. Cone penetrometer and footing tests 

The piezocone penetrometer and footing tests were 

conducted using an electro-mechanical actuator at 

vertical penetration rates in the range, v = 0.001 mm/s to 

v = 170 mm/s. The model scale piezocone has a diameter, 

D = 10 mm and a sleeve length of 37.5 mm. 

2.4. Vane shear test 

The vane shear tests were carried out using a rotary 

actuator capable of rotating at a maximum speed of 90 

deg/s (following installation at a vertical rate up to 4 

mm/s), providing a torque load of up to 25 Nm, with a 

torque load cell capacity limited to 5.5 Nm.  

The testing programme included four vane shear tests 

conducted at rates of 0.36, 3.6, 36, and 90 deg/s for each 

of the two vane diameters. High-speed data acquisition at 

20 kHz was employed for the two fastest tests. The tests 

conducted at rates of 3.6, 36, and 90 deg/s were installed 

vertically at 4 mm/s, while the slowest test had a 

penetration rate of 0.1 mm/s. The target depth (for the 

bottom of the vane) for all tests was 50 mm, so that the 

middle of the vane was mid-depth in the soil. A waiting 

period of 120 seconds was adopted for the slowest test, 

whereas rotation commenced immediately upon reaching 

the target depth for the other tests. 

3. Results 

3.1. Cone penetration  

Cone tip resistance is plotted against normalised cone 

tip depth (z/D, where z is the depth and D is the cone 

diameter) in Fig. 2 for all the cone penetration tests. The 

tests cover velocities ranging from v = 0.0015 mm/s 

(light blue) to v = 170 mm/s (black). Cone tip resistance, 

qc, is larger at faster penetration velocities, indicating a 

dilating response of the soil. Additionally, cone 

resistance increases with depth, reflecting both higher 

stress levels and mechanism changes from unconstrained 

near the surface to cavity expansion when deeper (e.g. 

Puech and Foray 2002). However, in tests conducted 

under drained and partially drained conditions, the base 

boundary effect is encountered after penetrating by 6 

cone diameters. This is attributed to the localised shear-

induced zone in undrained conditions, while in drained 



 

conditions, the shear-induced zone is larger, resulting in 

earlier ‘sensing’ of the base boundary. 

 
Figure 2. Cone tip resistance for CPTs with different 

penetration velocities. 

The variation in cone tip resistance with penetration 

velocity is examined further in Figure 3, which shows the 

ratio of cone tip resistance, qc, to the drained cone tip 

resistance, qc,d (taken from the slowest cone test at v = 

0.001 mm/sec), against dimensionless velocity, V' (see 

Eq. 1). V' (rather than V) is adopted in Figure 3 as 

drainage is expected to be mostly radial, such that the use 

of ch rather than cv in preferred (Lehane et al. 2009; 

Mahmoodzadeh and Randolph 2014; Colreavy et al. 

2016a, 2016b). 

As the penetration depth increases, the ratio of 

undrained to drained cone resistance decreases from 4.1 

for z/D = 1 to 1.5 for z/D = 6. This change cannot only 

be attributed to shallow embedment effects, as the 

equivalent ratio was 12 at z/D = 4 from piezocone tests 

on the same soil (Wroth et al. 2022). The Wroth et al. 

(2022) piezocone tests were conducted at a much lower 

stress level and higher OCR, resulting in greater dilation, 

explaining the difference in the ratio of drained to 

undrained cone resistance.  

Figure 3 also shows backbone curves obtained using 

the following modification of equation 2 (Wroth et al., 

2022): 

𝑞

𝑞𝑑
= 𝑎 −

𝑎−1

(1+(𝑉՛
𝑉՛50

⁄ )𝑑
 (3) 

where a is the ratio of undrained to drained cone 

resistance, qu/qd, established from qc measurements in the 

fastest and slowest tests. Eq. 3 is seen to provide good 

agreement with the measurements for all embedment 

depths using the d and 𝑉՛50 values summarised in Table 

1. 

Values of a (i.e., the ratio of undrained to drained 

cone resistance) are broadly consistent with values of 

undrained soil strength calculated from critical state 

principles, but with allowance made for a cavitation-

induced limit on negative excess pore pressure.  

Table 1. Equation 3 parameters for CPTs at different 

embedment ratios 

z/D a d V՛50 

1 4.1 1.5 0.3 

2 3.0 1 0.5 

3 2.5  1 0.7 

4 2.2 1.5 1 

5 2.0 2 2 

6 1.8 3 4 

 

 
Figure 3. Backbone curves derived from cone penetration 

at different embedment ratios. 

As can be seen in Fig. 3, V՛50 increases with 

penetration depth (so you have to move the cone faster to 

achieve partially drained conditions) and is expected to 

be asymptoting to a fixed value for large depths. In 

addition, it can be concluded that at all depths, undrained 

conditions are achieved with V՛ ≥ 10 and there is no 

further increase with increasing velocity. It should be 

noted that drained conditions are achieved at different 

velocities depending on penetration depth, changing by 

two orders of magnitude between z/D = 1 (at V' ≈ 1) and 

z/D = 6 (at about V' ≈ 0.01) 

3.2. Circular footing penetration  

Soil bearing resistance is plotted against footing base 

depth in Fig. 4 for the circular footing tests at rates from 

v = 0.001 to v = 70 mm/s. The bearing resistance 

increases with the penetration velocity, consistent with 

expectations for dilatant soil. 

The cone penetration data indicate that conditions 

were undrained when V՛ ≥ 10 (equivalent to a penetration 

velocity of 6 mm/s for a 10 mm cone). Consequently, it 

is inferred that the footing penetration with v = 70 mm/s 

should be undrained, given that the footing diameter is 

four times that of the cone diameter. Similarly, the 

footing test with a penetration velocity of 1.5 mm/s 

should also be undrained, with V = 10, assuming the 

drainage path length of the footing, L, is equal to the 

footing diameter as suggested by Finnie & Randolph 

(1994) (i.e., L = D). However, pore pressure 

measurements at the base of the footing (shown in Fig. 5) 

suggest that none of the tests measured pore pressures 



 

equal to the applied total stress (which would be expected 

for fully undrained conditions at the footing centre). Even 

in the fastest test, the ratio of pore pressure to bearing 

pressure is approximately 70%. 

 

 
Figure 4. Depth profile of bearing resistances from 

circular footing tests at different penetration velocities. 

While this suggests that a fully undrained condition 

has not been achieved, it should be noted that since the 

pore pressure transducer is located at the footing base, 

individual pore pressures at that point are likely to 

dissipate faster than the overall system due to its 

proximity to the free-surface (and being on a potential 

preferential drainage path on the footing interface). 

Hence, the pore pressure sensor measurement at the 

bottom of the footing is unlikely to directly represent the 

overall drainage condition (apart from fully drained or 

fully undrained conditions). Therefore, the fastest test is 

unlikely to be fully undrained but is likely to be more than 

70% from drained to undrained. 

 

 
Figure 5. Ratio of pore pressure to bearing resistance, u/q 

against dimensionless velocity  

Given that fully undrained conditions were not 

achieved in any of the footing tests, backbone curves to 

fit the data using Eq. 3 with the details shown in Table 2 

are plotted in Fig. 6.  

The 𝑉50 values to fit the data reduce with increasing 

embedment, which contrasts with the reduction with 

embedment seen for the CPTs. Not achieving fully 

undrained condition at a similar velocity compared to 

cone penetration on a footing quadruple the size of the 

cone suggests that the drainage path length is not always 

proportional to diameter. 

 

Table 2. Equation 3 parameters for footing at different 

embedment ratio 

z/D  a d 𝑉50 

0.1 1.9 0.8 40 

0.2 2.07 0.5 20 

0.3 2.2  0.5 12 

0.4 2.2 0.5 10 

 

 

 
Figure 6. Normalised bearing resistance at different 

embedment depths against dimensionless velocity (assuming 

drainage path length equals the footing diameter; L = D) 

3.3. Vane shear test 

Vane shear tests were included in the testing 

programme to further investigate changes in strength and 

the relationship between drainage path length and 

diameter. These tests utilised two vanes with diameters 

of 19 mm and 33 mm, each with a height of 29 mm. 

Results from tests using the smaller vane are shown on 

Fig. 7. These results exhibit a peak strength at rotations 

of between 15 and 20 degrees, reducing to a steady state 

strength of about 10 kPa (for each rotation rate) after 

about 80 degrees rotation. The peak strength is seen to be 

dependent on rotation rate, with higher rotation rates 

corresponding with higher soil strengths. A limiting peak 

strength is apparent at 36 deg/sec, as the strength at this 

rotation rate and in two tests at 90 deg/sec gave the same 

peak strength. The jumps in the shear stress response in 

the 36 deg/sec test is due to an issue with the actuation 

control, which caused the rotational velocity to vary 

between 17 and 69 deg/s, but with an average value of 36 

deg/sec. 

Again, since no strain rate effect is expected in this 

soil type, the increase in strength is attributed to the 

generation of negative excess pore pressure and soil 

dilatancy potential during shearing in the faster tests, as 

also observed in the cone and footing tests. However, the 

invariance of residual strength (at large rotations) to 

rotation rate is unexpected, as despite the relatively high 

sensitivity of carbonate silty sand, variations in mobilised 

strength were anticipated due to differences in drainage 

conditions. 



 

 

 
Figure 7. Soil response from vane shear tests at different 

rotational rates. 

Fig. 8 plots the ratio of peak strengths, expressed as 

τp/τp,d, where the drained peak strength, τp,d, was assumed 

to have been mobilised in the slowest test (at 0.36 deg/s). 

Eq. 3 was fitted to the data on Fig. 8 using the parameters 

listed in Table 3, with the assumption that undrained 

conditions developed in the fastest test (supported by 

observations made from Fig. 7 as discussed earlier). The 

match between the measurements and Eq. 3 on Fig. 8 is 

reasonable, given the lack of data at intermediate values 

of dimensionless velocity.  

Table 3. Equation 3 parameters for vane shear at different 

embedment ratios 

z/D a d 𝑉՛50 

1 1.55 1.5 5 

1.7 2.4 1.5 1.5 

 

 

 
Figure 8. Change in peak strength measured in vane shear 

tests for different dimensionless velocities (assuming drainage 

path length is equal to the vane diameter) 

Although the rotational velocity of both vanes was 

similar, the circumferential velocity for a given rotational 

velocity differs between the two vanes. Hence, while it is 

anticipated that two vanes at a given rotational velocity 

(e.g., 0.36 deg/sec) would have a similar drainage 

condition, the larger vane would experience a greater 

circumferential velocity. This difference could result in 

different drainage conditions and therefore breach the 

initial assumption that the slowest test in both vanes 

represents the drained condition. Whilst the different 

ratios of fully undrained to drained resistance may be 

attributed to this discrepancy in circumferential velocity, 

the consistent resistances observed in the five tests 

conducted at 36 and 90 deg/sec on both vanes make this 

assumption unlikely. Other factors, such as different 

cavity expansion due to vane insertion and during 

shearing could also contribute to the variation in the peak 

strength ratio. 

4. Drainage path lengths 

As observed in the previous sections, different V50 

values were required to fit the observed drainage 

transition curves for the different devices, and for the 

different devices at different embedment depths (Table 1, 

Table 2 and Table 3). Another way of considering these 

differences is to consider that a single drainage transition 

curve with a normalised V50 = 1 may be used for all 

devices at all depths if an equivalent drainage length, D 

can be selected for each particular device and 

embedment. The value of  can be selected simply as  

= 1/V50,device and the resulting relationship is plotted in 

Fig. 8 for the cone and footing. 

Fig. 8 compares α for the three different devices at 

different embedment depths. Drainage length factor α 

reduces with embedment depth for the cone, whereas α 

increases with embedment depth for the footing. At an 

embedment, z = 16 mm, α is approximately 24 times 

lower than that of the cone, indicating differences in 

drainage path length between the cone and the footing. 

The trend in α for the footing is expected as deeper 

embedment would require a longer drainage path length, 

requiring a higher multiplier on the footing diameter, i.e., 

higher α. The reduction in α with depth for the cone is 

considered to reflect the change in failure mechanism as 

the cone becomes deeper.  

 

 
Figure 9. Values of the drainage length factor, α, for the 

cone, vane shear and footing  

5. Conclusions 

A series of vane shear, piezocone, and footing tests at 

varying rotational and penetration velocities were 

conducted in a beam centrifuge on a natural carbonate 

silty sample, representative of near surface offshore 

density states. The objective was to examine how seabed 



 

resistance varies with changing soil drainage conditions. 

Backbone curves were derived for each device, all 

indicating dilatant behaviour of the soil, with the degree 

of dilatancy changing according to stress levels. 

It was also noted that the drainage path length does 

not always scale in the same way with the diameter of the 

device so the drainage transition curve may require 

modification. 
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