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ABSTRACT  

This paper investigated cone penetration test end resistance under various drainage conditions in mixed soils through 

numerical simulations and piezocone experiments in laboratory testing chambers. The soil samples used in the laboratory 

tests contained various proportions of kaolin, silt, and sand. The piezocone tests were performed using a 10 mm diameter 

cone in consolidated soil samples. The measured variations of cone resistance and pore pressure at cone velocities varying 

from 0.005 mm/s to 30 mm/s are presented, which covered the full range from drained to undrained conditions. The cone 

resistance was evaluated using the spherical cavity expansion limit pressure predicted in Finite Element (FE) analyses 

that employed the NorSand (NS) constitutive model. The experimental and numerical findings allow assessment of the 

suitability of the normalised velocity (V) term, proposed by others, to unify cone resistances measured at variable rates.  
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1. Introduction 

The end resistance of a penetrometer depends on the 

penetrometer velocity, and this dependence arises 

primarily because the level of drainage possible around a 

cone reduces with increasing velocity. Jaeger et al. 

(2010), for example, found that the cone resistance at 

slow drained rates in a particular soil was more than 15 

times greater than the resistance at fast undrained rates. 

This paper investigates the potential of a simple 

numerical method to provide reasonable predictions of 

the rate dependence of cone resistance measured in Cone 

Penetration Tests (CPTs). The cone resistance (qt) is 

estimated from the spherical cavity expansion limit 

pressure (plimit) computed using the finite element (FE) 

method and the NorSand (NS) constitutive soil model 

(Jefferies and Been 2015; Jefferies and Shuttle 2005). 

The FE modelling approach and analysis steps are based 

on Suzuki and Lehane (2015a), who employed a 

relationship between qt and plimit incorporating the pore 

pressure term and between cone velocity and rate of 

cavity expansion to allow estimation of qt values at 

various cone velocities. The FE results are compared 

with experimental data in two soil mixtures with varying 

clay, silt, and sand proportions to evaluate the potential 

of the NorSand model for this application.  A series of 

parametric analyses is also presented to examine the 

effects of stiffness, strength, consolidation characteristics 

and initial state parameter (ψ0) on penetration resistance 

at different penetration rates.  These analyses assist 

assessment of a normalised velocity (V) term to unify the 

penetration resistance vs velocity characteristic for a 

range of soil types. 

2. Soil properties 

Two soil mixtures are used in this study: Sand-Clay- 

Silt (SCS) and Sand-Clay (25% Kaolin), both of which 

have been the subject of separate characterisation studies 

at The University of Western Australia (UWA). The SCS 

sample has proportions (by dry mass) of 31% UWA sand, 

43% silt, and 26% Kaolin clay. This mixture was made 

with the same material type and proportion as the “UT” 

sample mentioned in Reid and Fourie (2016). The second 

soil mixture, as the name suggests, comprises 25% 

Kaolin and 75% sand; this mixture was studied by Suzuki 

(2015) specifically to investigate the effect of penetration 

rate on the CPT end resistance. Table 1 lists the basic 

material properties of the two soil types. 

Table 1. Index properties summary (Reid and Fourie 

2016; Suzuki 2015) 

Property SCS 25% Kaolin 

Specific gravity, Gs 2.62 2.638 

Liquid limit, LL (%) 24 20 

Plastic limit, PL (%) 15 14 

Plasticity index, PI (%) 9 6 

Coefficient of consolidation, cv 

(m2/year) at σv‘ = 55 kPa 

12 22 

3. Physical experiments 

CPTs at various penetration rates in the SCS and 25% 

Kaolin samples were conducted in laboratory pressure 

chambers. The testing equipment and procedures for the 

SCS sample are described below, while full details 

concerning the experiments in 25% Kaolin are provided 

by Suzuki (2015) and Suzuki and Lehane (2015b). In 



 

principle, the two testing methods and the CPT probes 

used were very similar. 

The SCS sample was prepared at 122% water content, 

thoroughly mixed until the desired consistency was 

achieved, and finally transferred carefully into the testing 

chamber. A hydraulic press with precision load control 

was used throughout the consolidation process, from an 

initial vertical stress of 0.5 kPa to the final stress of 55 

kPa.  

Upon reaching the target stress level (55 kPa), the 

chamber was transferred to a weight-loaded lever arm 

system where the CPT was conducted (Fig. 1). The 

vertical stress on the sample was maintained at 55 kPa 

during the CPTs, which were conducted via circular 

openings in the top plate. The actuator, fixed to the 

chamber flange, pushed a 10-mm diameter cone into the 

sample at various constant velocities (v=0.005, 0.05, 

0.15, 0.5, 2, and 30 mm/s). The penetrometer had a built-

in load cell at the tip and a pressure sensor at the cone 

shoulder to measure tip resistance (qt) and pore pressure 

(u2), which is transmitted to a logger via a cable 

connection. Cone resistance and pore pressure profiles in 

Fig. 2 illustrate the effects of variable penetration rate 

testing on penetration resistance and induced pore 

pressure. 

 

 
Figure 1. Schematic of laboratory pressure chamber test 

A cone dissipation test was also performed at the end 

of the undrained installation (v=30 mm/s), which 

indicated a coefficient of horizontal consolidation (ch) 

value of about 20 m2/year.  

The effect of the proximity of chamber boundaries on 

recorded data has been investigated by Bolton et al. 

(1999), who suggest a minimum value of dc/d50 equal to 

20, where dc is cone diameter, and d50 is mean grain size; 

this criterion was satisfied for the CPTs in both the SCS 

and 25% Kaolin soils.  The testing locations were at least 

ten cone diameters (10 dc) away from the chamber walls, 

as recommended by Bolton et al. (1999). 

To construct the cone resistance vs velocity 

characteristic, for consistency, only piezocone 

measurements from between 200 and 260 mm are 

plotted. However, measurements plotted at penetration 

rates of 0.15 mm/s and 30 mm/s were from the depth 

intervals 100 to 150 mm and 15 to 60 mm, respectively. 

 
Figure 2. CPT profiles at variable penetration rates in SCS 

sample 

4. Element testing 

Routine laboratory tests (i.e., triaxial compression 

and simple shear) are commonly used to derive NorSand 

parameters. In this study, isotropically consolidated 

undrained (CIU) triaxial test measurements reported by 

Reid and Fourie (2016) were utilised to calibrate 

NorSand parameters for the SCS mixture, while 

undrained simple shear test data from Suzuki (2015) were 

employed for the 25% Kaolin. The sample preparation 

method and testing procedure are explained in detail in 

the respective references. 

The “Sand” in the NorSand model’s name 

emphasizes its ability to properly represent dilation found 

in denser soils. NorSand, however, is not exclusively 

restricted to sands, and its most prominent applications 

have been for intermediate soils (e.g., clayey silts or silty 

sands). Specific features in this constitutive model 

relevant to this study are as follows: 

• Inclusion of state parameter (ψ) as a critical 

controlling variable to capture a full range of soil 

behaviour from contractant loose soils to dilative 

dense soils. 

• An option for cap softening in the hardening law 

is available by employing the softening flag (S) 

parameter. Shuttle et al. (2022) stated that this 

parameter is an accelerator for when excess pore 

pressure is changing rapidly.  

 

Parameter calibration was performed on element test 

modules using the PLAXIS (Bentley Systems Inc., 2022) 

SoilTest feature. The calibration process started with 

inputting parameter values derived from previous 

laboratory assessments for a given estimate of the initial 

state parameter (ψ0). This process was followed by trial 

and error until predicted and measured data were 

sufficiently matched. The derived parameters for both 

samples are listed in Table 2. 

 

 



 

Table 2. Calibrated NorSand parameters for SCS and 25% 

Kaolin mixtures 

Parameter Definition  SCS 
25% 

Kaolin 

Reference value of the shear 

modulus at the reference 

pressure (kPa) 

Gref 45000 12000 

Reference mean pressure 

(kPa) 

pref 245 100 

Exponent of the power-law 

elasticity (-) 

nG 1 1 

Poisson's ratio (-)  ν 0.2 0.2 

Void ratio corresponding to a 

mean pressure equal to 1 kPa 

(-) 

 Γ 0.59 0.55 

Slope of the critical state (e-

ln(p)) (-) 

λe 0.016 0.029 

Friction ratio at critical state 

in triaxial conditions (-) 

Mtc 1.30 1.37 

Material parameter 

controlling the maximum 

stress ratio as a function of 

the minimum dilatancy (-) 

N 0.1 0.2 

Material parameter which 

governs the slope of the 

minimum dilatancy as a 

function of the state 

parameter (-) 

χtc 9 20 

Hardening parameter (-) H0 120 500 

Hardening parameter (-) Hψ 0 0 

Over-consolidation ratio  R 1.05 1 

Softening flag (-)* S 1 1 

Initial value of the state 

parameter (-) 

ψ0 0.01 0.03 

Horizontal permeability 

(m/s) 

kx 8.4×10-9 1×10-8 

Vertical permeability** 

(m/s) 

ky 4.2×10-9 5×10-9 

*S=1 was inputted only during undrained penetration (i.e., vcone 

> 1 mm/s). 

**Permeability values are at an initial void ratio (e0) of 0.44 and 

0.50 for SCS and 25% Kaolin, respectively. 

 

The parameter Mtc is a function of the constant 

volume friction angle (ϕcv) given by the Mohr-Coulomb 

expression as: 

𝑀tc =
6 sin(𝜙cv)

3−sin(𝜙cv)
 (1) 

The Mtc values input to PLAXIS SoilTest are 

consistent with the ϕcv reported by Reid and Fourie 

(2016) and Suzuki (2015). The PLAXIS SoilTest 

calculations adopted the Extended Dafalias option by 

inputting the Mtc > 0. A full description of this procedure 

is provided in the PLAXIS User Defined Soil Models 

(UDSM) - NorSand manual (Bentley Systems, Inc., 

2022). 

Vertical permeability values (at 55 kPa of vertical 

effective stress) were determined based on laboratory 

tests performed by Suzuki (2015) and Reid and Fourie 

(2016). Horizontal permeability values for both mixtures 

were assumed to be twice the vertical permeability 

(kx=2∙ky). Suzuki (2015) adopted the same assumption for 

the 25% Kaolin sample. 

Fig. 3 and Fig. 4 compare the predicted stress-strain 

behaviour and stress paths from PLAXIS SoilTest 

simulations and experimental data. It is seen that the 

predicted shear strength at the end of the tests is in good 

agreement with the measurements. The pre-failure 

response of SCS is well predicted by NorSand, but the 

peak response for the 25% Kaolin is not captured by the 

model. 

 

 

 
Figure 3. SCS mixture CIU test results and NorSand (NS) 

model predictions on (a) deviator stress vs axial strain and 

(b) effective stress path 

 

 

 
Figure 4. 25% Kaolin mixture simple shear test results (σv’ = 

100 kPa; K0 = 0.5) and NorSand predictions on (a) shear 

stress vs shear strain and (b) σv’ vs τ 



 

5. Numerical analyses 

5.1. FE modelling approach and analysis steps 

The limit pressure, hence cone resistance, was 

evaluated by finite element (FE) spherical cavity 

expansion (SCE) simulations, which have been 

employed successfully by Suzuki and Lehane (2015a) 

using PLAXIS 2D and the hardening soil model (Schanz 

et al. 1999). An axisymmetric model with standard 

fixities (i.e., horizontally fixed on side boundaries, fully 

fixed at the bottom boundary, and free at the model’s top) 

was adopted. As for flow boundaries, the bottom and the 

top are left open while the sides are closed. Fig. 5 shows 

the mesh configuration and model dimensions, with a 

cavity cluster (initial cavity radius a0 of 2 mm) 240 mm 

above the bottom boundary line. No boundary effects 

were indicated with these settings. The cavity cluster is 

an elastic material with Young’s modulus (E) and 

Poisson’s ratio (ν) of 20 MPa and 0.2, respectively. The 

phreatic level was set at the top boundary line, resulting 

in a hydrostatic pressure (u0) of 2.4 kPa. 

 

 
Figure 5. Finite Element (FE) model mesh configuration 

A single FE simulation (with a particular cavity 

expansion velocity) comprises initial stress generation 

and spherical cavity expansion phases. The initial 

stresses were defined using the lateral coefficient (K0) 

procedure, where in this study, K0 = 0.5 was assumed for 

both SCS and 25% Kaolin mixtures. Since the FE model 

dimensions are relatively small, the inputted soil’s unit 

weight is selected to produce an initial vertical effective 

stress (σ’v) of 55 kPa at the centre of the cavity cluster. 

After initial stresses are generated, a positive volumetric 

strain is applied to the cavity cluster, enabling the cavity 

to expand. In PLAXIS, the consolidation calculation type 

was selected during this phase with an updated mesh and 

water pressure options (in the deformation control 

parameters subtree) turned on; detailed explanations of 

these options are provided in the PLAXIS 2D Reference 

Manual (Bentley Systems Inc., 2023). These two options 

are employed to account for the geometry change of the 

mesh (due to the cavity expansion) on the equilibrium 

conditions. The time interval input was selected to 

simulate various expanding velocities, which can later be 

converted to cone penetration rates.  

Lastly, to extract expansion and excess pore pressure 

outputs, seven stress points and seven displacement 

nodes next to the cavity cluster were selected; their 

locations followed the same configuration as Suzuki 

(2015). Under the “numerical control parameters” setting 

in the analysis window, the maximum load fraction per 

step was set to 0.01 to produce more data points for 

smoother output curves.  

5.2. Converting cone resistance (qt) and 

penetration rate (vcone) from SCE  

A number of workers have examined the relationship 

between spherical cavity expansion limit pressure (plimit) 

and cone resistance (qt) (e.g., Ladanyi and Johnston 

1974; Silva 2005; Vesić 1972, 1977; Yasufuku and Hyde 

1995). This paper relates qt with plimit using a relationship 

employed by Suzuki and Lehane (2015a) based on 

vertical force equilibrium and pore pressures (u) acting 

on this face equal to evaluated at the limit pressure: 

𝑞𝑡 = 𝑝limit + √3(𝑝limit − 𝑢) tan 𝛿 (2) 

where δ is the soil-cone interface friction angle and the 

effective cohesion (c’) of the soil is assumed to be zero. 

The value of plimit was determined as the averaged 

maximum principal total stress (σ1) from previously 

selected stress points at radial displacements (a) equal to 

two times the initial radius (a = 2∙a0). The pore pressure 

was also taken as an average of seven points next to the 

cavity wall at this normalised radial displacement (a/a0). 

The δ value was assumed to equal the constant volume 

friction angle (ϕcv). This assumption has been shown by 

Silva (2005), Suzuki and Lehane (2015a), and others, to 

lead to good predictions of cone resistance, 

acknowledging that the simulation approach is an 

approximate means of modelling actual cone penetration. 

The spherical cavity expansion velocity (vCE) is 

assumed to be the resultant velocity in a direction normal 

to the cone face. With a typical cone apex angle of 60° 

and cone penetration in the vertical direction, the cone 

velocity (vcone) can be calculated with an equation below: 

𝑣cone = cos 60° ⋅ 𝑣CE =
1

2
⋅ 𝑣CE  (3) 

Fig. 6 plots the predicted cavity and excess pore 

pressures against the normalised radial displacement with 

various cavity expansion velocities for the SCS case. The 

cavity pressure decreases, and excess pore pressure 

increases as the vCE increases, showing dependency on 

the expansion rates. It is evident that fluctuation occurred 

during the undrained cavity expansion (i.e., in ranges 

~4.3 to 130 mm/s), where the softening flag parameter 

(S) was switched on at these two velocities. A fully 

drained condition was confirmed at vCE of 0.00043 mm/s, 

where the generated excess pore pressures at this cavity 

expansion velocity were zero (or very close to zero).  
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Figure 6. Averaged cavity expansion and excess pore pressure 

responses with different expansion rates for SCS case  

5.3. Comparison with experimental data 

Net cone resistance values (qtnet = qt – σv0) predicted 

from the FE analyses are compared here with 

experimental data in 25% Kaolin reported in Suzuki 

(2015) and SCS mixture in this study, shown in Fig. 7. 

Cone velocities ranging from 0.0002 to 40±20 mm/s (six 

orders of magnitude) were simulated to cover the full 

range of measured data to obtain the qtnet vs vcone 

characteristic for each soil. 

 

 

 
Figure 7. Comparison of FE-predicted net cone resistance and 

pressure chamber experiment results for (a) SCS and (b) 

25% Kaolin 

In the SCS mixture, it is evident that a very good 

agreement between measurements and predictions is 

obtained over the full velocity range. However, not 

unsurprisingly, the enhanced resistance due to viscous 

effects at very high velocities is not captured. 

As seen in Fig. 7(b), the computed cone resistances 

for the 25% Kaolin soil matched the laboratory 

measurements reasonably well when the initial state 

parameter (ψ0) was set to 0.02. The corresponding 

predictions presented by Suzuki (2015) using the 

hardening soil (HS) model are also presented in Fig. 7(b) 

and evidently are not capable of predicting the observed 

ratio of drained to undrained strengths. The transition 

velocities between drained and partially drained and 

between partially drained and undrained conditions for 

the HS and NorSand predictions are similar. 

It is apparent that NorSand's incorporation of the 

initial state parameter results in better predictions of cone 

resistances with various penetration rates, even in two 

different soil mixtures with proportions of sand, silt, and 

clay. A better understanding of this constitutive model, 

particularly its implementation to penetration rate effects, 

is explored through a parametric study in the following 

section.   

5.4. Parametric study 

The primary purpose of the parametric study 

presented in the following is to assess the key parameters 

influencing the cone resistance vs velocity characteristic. 

Dienstmann et al. (2018) pointed out that the cone 

resistance depends primarily on the soil compressibility 

(λ and κ), shear strength (ϕ’) and soil consolidation 

characteristics (ch); these findings are consistent with 

Lehane et al. (2009), Suzuki and Lehane (2015a), and 

others.  

Therefore, a series of analyses (using NorSand for the 

SCS mixture) presented below examine the effects of 

stiffness, strength, and permeability values on the cone 

resistance under different drainage conditions. The effect 

of the initial state parameter (hence, the current state of 

the soil) was also carried out to give new insights. 

 Effect of stiffness (G/p0’) 

Three cases examined the effect of soil stiffness in 

terms of normalised modulus (G/p′0), where G is the 

equivalent linear shear modulus of the soil mass and p′0 



 

is the initial mean effective stress. In NorSand, the shear 

modulus varies with mean effective stress: 

𝐺 = 𝐺ref (
𝑝′

𝑝′ref
)
𝑛G

  (4) 

The stiffness effects were investigated by varying the 

Gref values (hence, different G values were obtained) and 

keeping all parameters listed in Table 2 the same 

(including the K0 value for initial stress generation). Fig. 

8 demonstrates how stiffness affects the magnitude of the 

net cone resistances and overall backbone curve shape. 

 

 
Figure 8. Effect of stiffness on cone resistance dependence on 

velocity predicted by NorSand 

It is seen in Fig. 8 that the undrained cone resistances 

of soil with the highest stiffness are slightly lower than 

calculated undrained cone resistances at the other two 

stiffnesses. This finding differs from that found using the 

hardening soil (HS) model (Suzuki and Lehane 2015a), 

which showed that undrained cone resistances increased 

with the ratio of stiffness to initial mean effective stress. 

 Effect of strength (Mtc) 

Strength effects were assessed by varying inputted 

Mtc values. Calculated net cone resistance for three 

different Mtc values are shown in Fig. 9. 

 

 
Figure 9. Effect of friction angle on cone resistance 

dependence on velocity predicted by NorSand 

Surprisingly, the undrained cone resistances for all 

three different Mtc values are approximately the same, 

which is in contrast to the increase in undrained 

resistance with friction angle found by Suzuki and 

Lehane (2015a) for the hardening soil model.  

 Effect of permeability (k) 

The effect of permeability was evaluated by 

increasing the permeability values (horizontal and 

vertical) 100 times higher than the original values in 

Table 2. Analyses were performed for anisotropic 

permeability conditions, where the horizontal 

permeability is two times faster than in the vertical 

direction (kh = 2∙kv). Increasing the permeability shifted 

the qtnet – vcone curve to the right by two orders of 

magnitude, as shown in Fig. 10, consistent with Suzuki 

and Lehane (2015a). As expected, the change in 

permeability does not change the magnitude of drained 

and undrained cone resistances. 

 

 
Figure 10.  Effect of permeability on cone resistance 

dependence on velocity predicted by NorSand 

 Effect of initial state parameter (ψ0) 

The soil's current state, considered in the NorSand 

model by the initial state parameter, was investigated 

using three values, representing both loose (positive ψ0) 

and dense (negative ψ0) states. Fig. 11 illustrates the 

variations of cone resistance with penetration rate in soils 

having three different ψ0 values but with all other soil 

parameters in Table 2 being the same. 

 

 
Figure 11. Effect of initial state parameter on cone resistance 

dependence on velocity predicted by NorSand 

A clear pattern is evident where both drained and 

undrained resistances increase with reducing ψ0. The 

overall curve moves upwards as the soil’s state becomes 

denser while the ratio of drained to undrained cone 

resistance (qtnet,drained/qtnet,undrained) decreases as ψ0 reduces. 

For example, the predicted qtnet,drained/qtnet,undrained ratios for 

soil with ψ0 = -0.01 and 0.03 are 3.3 and 12, respectively, 

demonstrating the significant importance of the state 

parameter. 



 

 Normalised velocity  

Previous studies (e.g., Randolph and Hope (2004) and 

many others) suggest that drainage conditions during 

penetrometer tests depend on the probe diameter, 

penetration rate, and soil consolidation characteristics.  

CPT results of various probe sizes and penetration rates 

in different soil deposits can be represented by plotting 

normalised cone resistance (Q = qt−σ’v0/ σv0) against 

normalised velocity (V) proposed by Lehane et al. (2009) 

below: 

𝑉 =
𝑣⋅𝑑

𝑐h
=

𝑣⋅𝑑⋅𝛾w√𝜆𝜅

𝑘h0(1+𝑒0)𝜎h′
  (5) 

where v = cone velocity; d = cone diameter; ch = 

horizontal coefficient of consolidation; γw = unit weight 

of water; λ = slope of critical state line in one-

dimensional compression; κ = slope of 

unloading/reloading line in one-dimensional 

compression; e0 = void ratio at in-situ vertical effective 

stress (σ’v); and kh0 = horizontal permeability at this void 

ratio. This relationship was chosen particularly because 

it considers soil stiffness (represented in λ and κ) and 

effective stress level. 

 The net cone resistances obtained in section 5.4.1 

were used and plotted against the normalised velocity. To 

identify the transition zone from drained to partially 

drained response or vice versa, Q/QD and Q/QUD were 

plotted against V in Fig. 12, where QD and QUD are 

normalised drained and undrained cone resistances, 

respectively. Fig. 12(a) shows that the partially drained 

conditions can exist at lower V values in soil with higher 

G/p0’. For example, for a given V of 0.01, the penetration 

is almost fully drained in the soil with the lowest stiffness 

and partially drained in the other two stiffer soils; this 

same pattern is observed by Suzuki and Lehane (2015a). 

Fig. 12(b) indicates that undrained conditions exist at 

lower V values in soil with higher G/p0’; this contrasts 

with the results obtained by Suzuki and Lehane (2015a) 

using the HS model, where undrained conditions were 

found at V ~ 30. For comparison, the transition from 

partially drained to undrained conditions at V values of 

about 5 in the stiffest soils and 200 in the soil with the 

lowest stiffness. These results indicate that, contrary to 

assumptions made in general practice, the normalised 

cone resistance versus V curve is not unique, when the 

definition for V includes a stiffness or compressibility 

term (as is the case when ch or cv is used). 

 

 

 
Figure 12. Q/QD and Q/QUD variations with normalised 

velocity (V) for soil with different stiffnesses  

6. Conclusions 

FE simulations of spherical cavity expansion 

adopting the NorSand constitutive model have been seen 

to provide good predictions of the variation of cone 

resistance with velocity for a sand-silt-clay mixture (SCS 

soil) and reasonable predictions for soil with 25% Kaolin 

and 75% sand. 

Parametric analyses using NorSand show that the 

cone velocity at the transition between drained and 

partially-drained conditions, and between partially-

drained and undrained conditions is independent of the 

soil stiffness. It follows that the use of the normalised 

velocity term currently used in practice cannot unify 

normalised cone resistance variations with penetrometer 

velocity for soils with widely varying stiffness. 
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