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ABSTRACT  

Variable penetration rates during CPTu may impact cone readings through partial consolidation during penetration but 

also through viscous soil skeleton behaviour. The latter phenomenon is characteristic of dynamic penetrometers during 

fast penetration in fine-grained materials where tip resistance increases when the penetration rate increases. In this work, 

the effect of viscosity on piezocone penetration is investigated based on the numerical simulation of CPTu and triaxial 

tests using the application G-PFEM and a viscoplastic version of the Clay and Sand Model (CASM). The study highlights 

that the CPTu results are sensitive to the material parameters controlling viscosity, thus requiring careful calibration in 

order to obtain realistic CPTu simulations. 
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1. Introduction 

The penetration rate of the penetrometer is known to 

influence the tip resistance and pore pressure measured 

during piezocone penetration testing (CPTu). Two 

different phenomena underlie those changes: partial 

consolidation and viscous behaviour (Lehane et al. 

2009).  

The effect of drainage on cone measurements has 

been extensively studied (De Jong & Randolph, 2012; 

Martinez et al. 2016; Bihs et al. 2021) as it has a major 

impact on the interpretation of standard CPTu 

measurements (v = 2 cm/s) in silts and other intermediate 

soils. Increased drainage results in larger tip resistance 

and lower pore pressure; this is observed during testing 

at variable penetration rates in the same site. The effect 

of partial drainage on cone penetration has also been 

observed in CPTu simulation by changing penetration 

rate, permeability or both (e.g. Monforte et al. 2018).  

Viscous effects on CPTu measurements are most 

significant for free-fall or dynamic CPTu tests that are 

frequently employed in offshore site investigation. These 

effects have been mainly studied from an empirical 

perspective, using relatively simple interpretation models 

(Steiner et al. 2014; Collico et al. 2022). 

The present work aims to investigate the effect of 

variable penetration rates on CPTu results for soils with 

a significant viscous response by means of numerical 

simulations with the G-PFEM platform (Carbonell et al. 

2022). Fully-coupled hydromechanical analyses are 

performed using a viscoplastic constitutive model. After 

reviewing the constitutive model and examining the 

influence of viscosity through element testing, the effect 

of a variable penetration rate is investigated. 

2. Numerical model 

2.1. G-PFEM 

The application G-PFEM is an implementation of the 

Particle Finite Element Method (Oñate et al. 2004) within 

the Kratos Multiphysics framework to address insertion 

problems in geotechnical engineering considering large 

deformations, frictional contact, and non-linear 

constitutive models Monforte et al. (2018). G-PFEM has 

already been successfully applied to simulate cone 

penetration in complex soils and under various drainage 

conditions (Monforte et al. 2021; Hauser and Schweiger 

2021; Boschi et al. 2024). 

2.2. Viscoplastic CASM (CASM-Visco) 

The Clay and Sand Model (CASM; Yu, 1998) is an 

isotropic, state parameter-based, elasto-plastic model 

formulated within the critical state (CS) framework. The 

shape of the yield surface is controlled by two 

constitutive parameters: the spacing ratio r and the shape 

parameter n, which makes the model adaptable for a wide 

range of soils. The yield surface is defined as: 

𝑓 = (
𝑞

𝑝′𝑀𝜃
)
𝑛

+
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where 𝑝′, 𝑞, Θ are the effective mean stress, the deviatoric 

stress invariant, and the Lode angle, respectively. 𝑀Θ is 

the stress ratio at CS depending on Θ (the Mohr-Coulomb 

failure criterion is adopted in the deviatoric plane), and 

𝑝0
′  is the preconsolidation pressure. Well-established 

models, such as the Original or the Modified Cam clay 

model, may be recovered for specific choices of 𝑟 and 𝑛. 



 

The G-PFEM implementation of the model features a 

non-associated flow rule where the plastic potential 

(Mánica et al. 2022) is: 

𝑔 = (
𝑞

𝑝′𝑀𝜃
)
𝑚

+𝑚 −
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𝑝′
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Where 𝑚 is a constitutive parameter. 𝜁 is a scalar such 

that the current stress state lies on the plastic potential 

surface. 

CASM-Visco is a viscoplastic extension of CASM 

based on the overstress concept by Perzyna (1966), first 

presented in Arroyo & Gens (2021) and Mánica et al. 

(2021). The viscoplastic rate constitutive equations at 

small strains are summarised as follows using Voigt 

notation: 

{
 
 

 
 
𝝐̇ = 𝝐̇𝑒 + 𝝐̇𝑣𝑝

𝝈̇′ = 𝐃(𝝈′) ⋅ 𝝐̇𝑒

𝝐̇𝑣𝑝 = 𝛾⁡̇ 𝒎

𝝌̇ = 𝛾̇⁡𝐡(𝝈′, 𝛘)

𝛾̇ =
⟨Φ(𝑓)⟩𝑁

𝜂

 (3) 

The total strain tensor 𝝐 is decomposed additively into an 

elastic (𝝐𝑒) and viscoplastic (𝝐𝑣𝑝) part. The effective 

stress tensor 𝝈′ is related to the elastic strain tensor 

through the elastic stiffness matrix 𝐃(𝝈′) which features 

a pressure-dependent bulk and shear modulus: 

𝐾 =
𝑝′

𝜅∗
⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝐺 =

3(1−2𝜈)

2(1+ν)
𝐾 (4) 

with 𝜅∗ and 𝜈 being the modified swelling slope and the 

Poisson's ratio, respectively. The viscoplastic strains 𝝐𝑣𝑝 

evolve according to the non-associated flow rule with 𝛾̇ 

being the incremental plastic multiplier and 𝒎 =
(𝜕𝑔 ∂𝝈′⁄ ) ‖𝜕𝑔 ∂𝝈′⁄ ‖⁄  being the normalised plastic flow 

direction. The vector of hardening variables (𝝌) reduces 

to a scalar quantity for the CASM. Thus, the evolution 

equation for 𝑝0
′  yields: 

𝝌̇ = 𝑝̇o
′ = 𝛾̇

𝑝o
′

𝜆∗−𝜅∗
(
∂𝑔

∂𝑝′
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∂𝑔

∂𝝈′
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with the modified isotropic compression slope 𝜆∗. 
The incremental plastic multiplier depends on the 

overstress function  

Φ(𝑓) = (
𝑓(𝝈′,𝛘)

𝑓0
) (6) 

with 𝑓0 being a reference value for 𝑓 and 𝜂 and 𝑁 are 

constitutive parameters. Viscoplastic flow is assumed to 

occur when the yield condition is violated: 

⟨Φ(𝑓)⟩ = {
Φ(𝑓)⁡⁡⁡if⁡⁡⁡⁡Φ(𝑓) ≥ 0
0 ⁡⁡⁡if⁡⁡⁡⁡Φ(𝑓) < 0

 (7) 

Note that inviscid behaviour may be obtained for 𝜂 → 0. 

Details on the extension of the model to tackle finite 

strains and the implementation in G-PFEM are omitted 

here (Hauser et al. 2024). 

3. Results and discussion 

The following numerical study is inspired by the 

work of Robinson (2019) on rate effect behaviour of 

clays. Thus, the adopted CASM constitutive parameters, 

summarised in Table 1, are representative of Kaolin clay, 

as used by Robinson (2019) to conduct triaxial tests at 

variable strain rates. The basic CASM parameters were 

calibrated assuming inviscid behaviour while the viscous 

constitutive parameters 𝜂 and 𝑁 were defined based on 

the literature: Arroyo and Gens (2021) analyzed the 

Brumadinho dam failure using CASM-Visco, indicating 

that 𝜂 = 1.0E-9 m² day kN-1 and 𝑁 = 5 are suitable for the 

investigated tailings materials based on variable strain 

rate triaxial tests. For plastic clays, though, usually more 

pronounced viscous effects are observed. Pinedo et al. 

(2022) showed that 𝜂 = 6.6E-6 m² day kN-1 and 𝑁 = 3 to 

4 results in an increase in undrained shear strength of 

around 10% per log cycle of strain rate, which is typically 

observed for plastic clays. In the present work, 𝜂 = 1.2E-

7 m² day kN-1 and 𝑁 = 5 are used. 

To characterize the effect of viscous behaviour for the 

considered soil, the results of anisotropically 

consolidated (𝐾0 = 0.62) undrained triaxial element tests 

adopting different strain rates are shown in Fig. 1 and 

Fig 2: The undrained shear strength increases by up to 

7 % per log cycle of strain rate (see Fig. 1). In contrast, 

the excess pore pressure shows the opposite trend and 

reduces with increasing strain rate (see Fig. 2). 

 
Figure 1. Stress path of undrained triaxial tests for 

inviscid and viscoplastic soil, adopting different strain rates. 

 
Figure 2. Evolution of pore water pressure during 

undrained triaxial tests for inviscid and viscoplastic behaviour, 

adopting different strain rates. 

Table 1. CASM parameters representative of Kaolin. 

φ' [°] λ* [-] κ* [-] ν [-] r [-] n [-] m [-] 

22 0.072 0.009 0.3 2.125 1.6 3 



 

3.1. Triaxial testing 

In the next step, triaxial compression tests adopting 

different strain rates were simulated as a boundary value 

problem. The strain rate range was based on Robinson 

(2019), and the tests were modelled as an axisymmetric 

problem (see Fig. 3). The height and radius of the 

specimen are 20 cm and 5 cm, respectively. The 

displacements are fixed in the normal direction along the 

left lateral boundary (i.e. the symmetry axis) and in both 

directions along the bottom boundary. On the top 

boundary, a vertical velocity 𝑢̇𝑣 is prescribed, reaching a 

final vertical displacement of 4 cm. Free drainage is 

allowed along the right lateral boundary, analogously to 

the experimental setup of Robinson (2019). Furthermore, 

a constant initial stress field with 𝜎𝑣
′  = 100 kPa, 𝜎ℎ

′  = 

62 kPa, and 𝑢0 = 0 kPa is applied while 𝜎ℎ = 62 kPa is 

held constant during the test. A soil permeability 𝑘 = 

1.0E-9 m/s and an OCR = 1.05 were assumed. 

 
Figure 3. Axisymmetric model of triaxial testing. 

The vertical reaction forces at the top of the domain 

were used to calculate the averaged total vertical stress 

𝜎𝑣 and the resulting deviatoric stress 𝑞 = 𝜎𝑣 − 𝜎ℎ. Fig. 4 

shows the normalized peak deviatoric stress 𝑞/𝑞𝑟𝑒𝑓  for 

different strain rates considering inviscid (CASM) and 

viscous (CASM-Visco) material behaviour. Note that 

𝑞𝑟𝑒𝑓  corresponds to the peak deviatoric stress obtained 

for inviscid material under undrained conditions, i.e., 

strain rates larger than 1.0E-1 %/min. 

As expected, the rate effect due to consolidation is 

observable for the inviscid material where the respective 

maximum and minimum values for 𝑞/𝑞𝑟𝑒𝑓  are reached 

for drained (𝜖𝑎̇𝑥 < 1.0E-5 %/min) and undrained (𝜖𝑎̇𝑥 > 

1.0E-1 %/min) conditions. When viscous behaviour is 

considered, its effect becomes evident for 𝜖𝑎̇𝑥 between 

1.0E-3 and 1.0E-2 %/min, where slightly higher 

deviatoric stresses are obtained compared to the inviscid 

case. The minimum 𝑞 is observed for strain rates between 

1.0E-2 and 1.0E-1 %/min. For larger strain rates, viscous 

behaviour becomes dominant, resulting in increased 

𝑞/𝑞𝑟𝑒𝑓 . The observed trend agrees with the laboratory 

results reported by Robinson (2019) for isotropically 

consolidated specimens where the undrained shear 

strength increases by 11 to 14% per log cycle increase in 

strain rate. The numerical results indicate a slightly lower 

strength increase of up to 9% per log cycle increase in 

strain rate. This is expected, as (i) anisotropically 

consolidated samples were considered in the present 

study, and (ii) the viscous parameters that control the 

response were not calibrated for Kaolin but were just 

chosen. Work is ongoing on a simple and effective 

calibration procedure for these viscous parameters. 

 
Figure 4. Normalized deviatoric stress from triaxial 

compression tests using different strain rates. 

3.2. CPTu penetration 

CPTu simulations using different penetration 

velocities were carried out for the same material. The 

axisymmetric model is illustrated in Fig. 5 and has a 

height ℎ of 1 m and a width 𝑏 of 0.5 m. Displacements at 

the bottom boundary are fixed, while vertical 

displacements are free in the lateral boundaries. The 

model boundaries are free-draining except for the vertical 

symmetry axis. Assuming weightless soil, the same 

constant initial stress field as used for the triaxial testing 

is prescribed (𝜎𝑣0
′  = 100 kPa, 𝜎ℎ0

′  = 62 kPa). In addition, 

the total vertical overburden stress 𝜎𝑣0 is specified along 

the top boundary. The rigid cone is initially inserted in 

the soil at a depth ℎ1 of 0.2 m. Penetration is simulated 

by prescribing a downward displacement at a given 

velocity 𝑣. Velocities of 0.2 and 20 cm/s were used in 

addition to the standard penetration velocity of 2 cm/s. 

For simplicity, no friction between the penetrometer and 

the soil is considered. However, this is no limitation of 

the model. Monforte et al. (2021) showed that interface 

friction leads to an increase in 𝑞𝑡 and a reduction in 𝑢2. 

 
Figure 5. Axisymmetric model for CPTu penetration. 

 

  

 

 

 

          

    

         

   

            

  

  



 

 
Figure 6. Normalized depth profiles of simulated net cone 

resistance (𝑞𝑛𝑒𝑡) and excess pore pressures (Δ𝑢1, Δ𝑢2). 

The simulated net cone resistance 𝑞𝑛𝑒𝑡 = 𝑞𝑡 − 𝜎𝑣0 

and the excess pore pressures Δ𝑢1 and Δ𝑢2, measured at 

the cone centre and shoulder, respectively, are plotted 

over the normalized cone tip depth 𝑧/𝑅 in Fig. 6. Note 

that for inviscid behaviour, only the standard velocity of 

2 cm/s is plotted since all velocities result in practically 

undrained conditions and, thus, almost identical CPTu 

measurements. After an initial transient phase of around 

8 to 10 radii of penetration, steady-state values are 

reached. In the following, the average between 10 and 15 

radii of penetration is taken as the representative value 

for 𝑞𝑛𝑒𝑡, Δ𝑢1, and Δ𝑢2, respectively. Fig. 7 shows the net 

cone resistance normalized by 𝑞𝑛𝑒𝑡,𝑟𝑒𝑓 , corresponding to 

inviscid behaviour and 𝑣 = 2 cm/s, for different 

penetration velocities. As noted, the tip resistance for 

inviscid soil is insensitive to a change in 𝑣, indicating 

undrained behaviour for the considered penetration 

velocities. 

When viscosity is introduced, higher tip resistances 

are obtained compared to the inviscid undrained 

reference case, up to almost 20 % for the standard 

velocity of 2 cm/s. The increase in tip resistance with 𝑣 

falls within the range proposed by Lunne et al. (1997) 

based on field studies, suggesting that 𝑞𝑐 increases by 7.5  

 
 

Figure 7. Normalized net cone resistance 𝑞𝑛𝑒𝑡/𝑞𝑛𝑒𝑡,𝑟𝑒𝑓  

over penetration velocity. 

to 20 % per log cycle increase in penetration velocity 

above the standard penetration velocity of 2 cm/s for 

typical clays. Furthermore, Bemben and Myers (1974) 

and Roy et al. (1982) reported for varved and silty clays 

that the minimum tip resistance is reached for 

𝑣 = 0.2 cm/s. The presented results confirm that 

𝑣 < 2 cm/s leads to a lower 𝑞𝑛𝑒𝑡 in undrained conditions. 

The evolution of normalized excess pore pressures 

Δ𝑢1 and Δ𝑢2 is shown in Fig. 8 and Fig. 9, respectively. 

Again, the excess pore pressures obtained for the inviscid 

behaviour and 𝑣 = 2 cm/s are used as reference. For the 

inviscid material, conditions remain undrained for all 

velocities, with negligible variation of pore pressure 

between the analyses (< 2.5 % for Δ𝑢2). In general, the 

pore pressures appear almost insensitive to rate effects 

also for viscous material, as the magnitude of increase in 

Δ𝑢1 with 𝑣 remains relatively small. It is noteworthy that 

the 𝑢1 pressures are larger compared to the inviscid case, 

while the 𝑢2 pressures are smaller. Furthermore, Δ𝑢1 

increases with 𝑣 while Δ𝑢2 appears to remain somewhat 

constant, indicating a decrease with higher 𝑣. To confirm 

this trend, however, further analyses are required, as the 

variations are small and numerical noise is significant, 

particularly for the 𝑢2 record.  

 
Figure 8. Normalized excess pore pressure Δ𝑢1/Δ𝑢1,𝑟𝑒𝑓  

over penetration velocity. 

 
Figure 9. Normalized excess pore pressure Δ𝑢2/Δ𝑢2,𝑟𝑒𝑓 

over penetration velocity 

4. Conclusions 

This paper explores viscous effects on CPTu 

measurements through numerical analyses using a 

viscoplastic constitutive model (CASM-Visco). The 

presented results, which should be understood as the 

outcome of a preliminary study, show that viscosity leads 

to an increase in tip resistance of around 20% compared 

to the corresponding inviscid case for undrained 



 

penetration in clays with the standard penetration 

velocity of 2 cm/s. Although the observed increase in tip 

resistance per log cycle increase in penetration velocity 

agrees with field observations, more work is required to 

calibrate the viscous constitutive parameters 𝜂 and 𝑁 and 

further understand their influence on the CPTu results. 

The tip resistance obtained from CPTu testing and the 

peak deviatoric stress resulting from triaxial testing show 

very similar behaviour when subjected to a change in 

penetration velocity or loading rate, respectively. Further 

research is needed to explore ways to link the two 

quantities. 
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