
1 INTRODUCTION 

Because of the highly non-linear nature of the problem from geometric as well as ma-
terial behavior stand points there have been only a relatively few attempts to model 
cone penetration in sand (Kiousis et al. 1988, van den Berg et al. 1996, Susila and 
Hryciw 2003, Huang et al. 2004, Ahmadi et al. 2005).  The main focus of these stu-
dies has been to demonstrate the capability of the numerical model to accommodate 
the large deformations, parametric studies on CPT measurements – mainly the cone 
tip resistance (qc) – and comparison of the results against empirical evidence.   

While the numerical models have evolved from simple ones requiring artificial 
node relocation (Kiousis et al. 1988) to explicit ones incorporating auto adaptive re-
meshing (Susila and Hryciw 2003), they are still not perfect.  For instance, Susila and 
Hryciw (2003) used a numerical model with a vertically constrained top boundary 
and present results that indicate evidence of soil-penetrometer separation, noisy and 
unrealistic values of sleeve friction.  Further, the constitutive model used in their 
study is based on a hardening rule that leads to the development of ever increasing 
cohesion with increasing plastic strain.  Such a behavior is not observed for sand.  
Huang et al. (2004), on the other hand, used a software package incapable of auto-
matic re-meshing and a relatively coarse mesh.  Also, their numerical model is based 
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on hard contact for normal penetration but a penalty formulation for friction (elastic 
stick and plastic slip).  Since the accurate computation of friction stresses is crucial 
for the soil response during cone penetration, the implication of adoption of such an 
unrealistic contact behavior on the results could be significant depending on the value 
of the allowable elastic slip used.  Ahmadi et al. (2005) developed a large strain finite 
difference model based on isotropic elasticity and Mohr-Coulomb plasticity without 
remeshing.  The initial configuration of their model had a small central cavity to 
avoid numerical instability and the penetration was simulated by applying artificial 
nodal displacements for which model predictions matched calibration chamber data.  
The approach did not allow modeling of interface friction.  However, their simula-
tions indicated that qc depends strongly on the dilation angle and elastic modulus and 
relatively weakly on the friction angle.     

A numerical model has been developed here by and large avoiding the limitations 
of the previous modeling attempts.  The model is checked by comparing its predic-
tions against empirical evidence.  Finally, the model has been used to examine the in-
fluence of the friction angle and the dilation angle on qc, the friction ratio (rf = fs / qc, 
where fs is the sleeve friction) and a parameter suggested by Roy (2008) and Schnaid 
and Yu (2007) as a potential dilatancy measure, qc / G0, where G0 denotes the small 
strain shear modulus.  
 
2 NUMERICAL MODEL 

An axisymmetric finite element model based on 4-noded continuum, reduced integra-
tion, axisymmetric elements, CAX4R, incorporated in finite element modeling pack-
age ABAQUS/Explicit (Simulia, Inc. 2008) was used for modeling the soil.  The rigid 
surface of the cone was modeled with axisymmetric rigid line elements (RAX2).  Far 
field conditions were modeled by constraining the displacements normal to the boun-
dary to be zero.  The far field boundary was located at a distance far enough and the 
element size was kept small enough so as not to affect the computed stress and de-
formation near the cone.  The cone was initially placed within a conical notch at the 
top surface of soil (Fig. 1).  A uniform axially downward velocity of 20 mm/s was 
applied to the rigid cone constraining it against radial movement.  The soil weight 
and overburden pressure were modeled considering the top boundary to be a pressure 
boundary and depth-varying vertical and horizontal initial geostatic stresses.  Three 
different vertical overburden pressures were used for the simulations: 0.16 MPa, 0.25 
MPa and 0.35 MPa.  The horizontal initial stresses were calculated by scaling the ver-
tical stresses with the coefficient of lateral earth pressure prescribed for each case. 

An explicit algorithm was used because unlike iterative implicit solvers the expli-
cit method is relatively unaffected by convergence problem.  Additionally, the con-
tact constraints are also handled better with simple predictor-corrector algorithms in 
explicit formulations.  However, in explicit analyses the loading rate needs to be slow 
enough to minimize the inertia effects.  For the commonly used cone penetration rate 
of 20 mm/s the kinetic energy was found to be negligible compared to the internal 
energy in all stages of analyses in the explicit model used in this study.… 
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Figure 1.  Finite element model (initial configuration) 
 
A numerical model for Cone Penetration Test (CPT) must accommodate large defor-
mations of soil around the probe.  In the absence of mesh smoothing, these large de-
formations result in severe element distortions and premature termination of analysis 
and/or inaccurate results.  The ALE mesh smoothing algorithm implemented in AB-
AQUS/Explicit, modified as listed below, was used to avoid the problem.   
 In the numerical model the elements near the cone had widths about 100 times 

smaller than those in the far field.  Appropriate non-default options exercised to 
preserve the mesh gradation during mesh smoothing. 

 The default mesh smoothing algorithm in ABAQUS/Explicit attempts to preserve 
sharp geometrical features of the mesh such as edges and corners.  This feature 
was found to introduce unrealistic mesh distortion at the top boundary near the 
cone.  Consequently, the restriction was turned off. 

 By default, the ABAQUS ALE mesh smoothing algorithm attempts to pull ele-
ments towards regions of sharp curvature to ensure a small element size near such 
zones.  Since a fine mesh is used within the zone of stress concentration to begin 
with, further refinement by the default option was found to lead to numerical in-
stability.  Hence the default refinement feature was turned off.   

 Additionally, for the results to be reasonable, volume needs to be conserved at the 
free surface and contacting boundaries.  This was achieved by enforcing ALE 
smoothing at every time increment as opposed to the default option of mesh 
smoothing once every ten steps as has been used by Susila and Hryciw (2003).  

2.1 Material Model 

Isotropic linear elastic perfectly plastic (modified Drucker-Prager) material model 
model available in ABAQUS/Explicit package was used to simulate dry sand beha-
vior.  The model is based on linear yield/failure surface and non associative plasticity 
governed by a friction angle and a dilatation angle.  The cohesion was set to zero.   
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2.2 Contact Model 

The kinematic contact in ABAQUS/Explicit was used to model the cone-soil interac-
tion.  This algorithm allows no interpenetrations between the surfaces in the normal 
direction.  To accurately model the frictional stresses between cone and the sand, the 
rigid stick plastic slip approach of the kinematic contact algorithm was utilized rather 
than the elastic stick plastic slip approach of the penalty contact algorithm.  Soil-cone 
interface was considered to be characterized by two different interface friction angles: 
One-sixth of the constant volume friction angles and one-twelfth of the peak friction 
angle.  Experimental data reported by Shinjo et al. (2004) indicate that such values 
reasonably represent the interaction between mineral sand and a steel cone with a sur-
face roughness between 0.25 m and 0.75 m recommended by SGI (1992). 

2.3 Analytical Program 

The analytical program included simulations based on constant volume friction an-
gles 28°, 31°, and 34° (to consider a wide range of mineralogy and compressibility); 
dilation angles of 0°, 5°, and 10° (to consider a wide range of densities); vertical 
stress of 160kPa, 250kPa, and 350 kPa (to consider a wide range of confinement); at-
rest horizontal earth pressure coefficient ( 0K ) of 0.3, 0.4, 0.6, 0.8 and 1.0 (to consider 

a wide range of over consolidation); and interface friction angles of one-sixth of the 
constant volume friction angles and one-twelfth of the peak friction angle.  Loose, 
medium dense and dense sands (having dilation angles of 0°, 5°, and 10°, respective-
ly) were assigned unit weights of 17, 18, and 19 kN/m3, respectively.  Poisson’s ratio 
of 0.3 was used in all simulations but the elastic modulus was assumed to vary with 
density and the square root of vertical pressure.        
 
 
3 MODEL EVALUATION 

To check whether the model predictions, the classification for a soil characterized 
with the computed combinations of cone tip resistance and sleeve friction for inter-
face friction angle of one-sixth of the constant volume friction angle were plotted in 
the charts by Jefferies and Davies (1991) and Lunne et al. (1997).  The first approach 
classifies soils based on Qt (1  Bq) and Fr, and the second approach classifies soils 
based on Qt and G0 / qc, where for dry sand Qt = (qc  σv0) / σv0, Bq = 0, 
Fr = fs / (qc  σv0), qt = qc, and σv0 is the total vertical stress.  The results presented in 
Figs. 2a and 2b, respectively, indicate that (a) Jefferies and Davies (1991) approach 
classifies the simulated soil as silty sand because of an over-prediction of sleeve fric-
tion, and that (b) Lunne et al. (1997) approach correctly classifies the simulated soil 
as sand.  Similar results were obtained for interface friction angle of one-twelfth of 
the peak friction angle as well.  The misclassification in the Jefferies and Davies 
(1991) approach is due to the overestimation of sleeve friction in the numerical mod-
eling.  Possible causes of overestimation are adoption of rigid plastic contact behavior 
and linear yield/failure surface in this study. 
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Figure 2.  Classification of simulated sand 
 

For further evaluation of the numerical model, the computed cone tip resistances 
for K0 values between 0.4 and 0.6 were compared against calibration chamber data 
representative of loose and dense sands of a wide range of compressibility assembled 
by Robertson and Campanella (1983).  The computed cone tip resistance was found 
to vary for the same value of vertical stress depending on K0 and the range of varia-
tion is less remarkable for loose sand and more significant for dense sand.  Neverthe-
less an approximate agreement between the computed results and empirical data is 
apparent from the comparison (Figure 3).       

 

 

Figure 3.  Computed cq  as functions of vertical stress, density and compressibility 
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4 INFLUENCE OF FRICTION AND DILATION ANGLES ON CPT DATA 

Sensitivity of qc, rf and qc / G0 to friction and dilation angles have been studied as de-
tailed in the following subsections.  While the results for interface friction angle of 
one-sixth the constsant volume friction angle are only presented, the inferences do 
however hold for interface friction angle of one-twelfth of friction angle as well. 

4.1 Cone tip resistance     

The influence of friction and dilation angles on normalized cone tip resistance, qc1, 
where qc1 = qc  (Pa / σv )

0.5, Pa is the atmospheric pressure and σv is the vertical ef-
fective stress (= σv in this study on dry sand) is illustrated in Fig. 4.  The results indi-
cate that while qc1 is sensitive to both friction and dilation angles, the relationships 
are strongly depend on K0.  For similar qc1, larger K0 would indicate smaller friction 
and dilation angles. 

4.2 qc / G0 

The influence of friction and dilation angles on qc / G0 is illustrated in Fig. 5.  The re-
sults indicate that like qc1 the qc / G0 ratio is also sensitive to both friction and dilation 
angles.  However, the relationships between qc / G0 and friction and dilation angles 
do not depend on K0.  The ratio, qc / G0, therefore, indeed appears to be a convenient 
and intrinsically normalized measure of dilatancy of sand as suggested by Roy (2008) 
and Schnaid and Yu (2007). 

4.3 Friction ratio 

The influence of friction and dilation angles on friction ratio, rf, is illustrated in 
Fig. 6.  The results indicate that rf is sensitive to friction angle and the relationship 
between rf and friction angle depends on K0.  In contrast, the sensitivity of rf to dila- 
+++ 

 

Figure 4.  Influence of friction and dilation angles on qc1 
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Figure 5.  Influence of friction and dilation angles on qc / G0 
 
tion angle is weak particularly for K0 less than 0.6.  Such values of K0 represent many 
normally consolidated uncemented sands.  It would therefore be fundamentally diffi-
cult to combine qc and rf to obtain a hybrid measure of sand dilatancy. 
 
 
5 CONCLUSIONS 

A finite element model has been developed for modeling cone penetration in dry sand 
to study the influence of friction and dilation angles on cone tip resistance and sleeve 
friction.  Evaluation of the model against empirical evidence indicated that although a 
reasonable estimate of cone tip resistance could be obtained from the model, the es-
timates of sleeve friction were somewhat greater than empirical measurements.  Ana-
lytical results obtained in this study indicate that normalized cone tip resistance is 
+++  

 

Figure 6.  Influence of friction and dilation angles on rf 
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strongly influenced by friction and dilation angles but the relationships depend on lat-
eral earth pressure.  The ratio of cone tip resistance and small strain shear modulus 
was also found to depend strongly on friction and dilation angles but the relationships 
are independent of lateral earth pressure.  In contrast, friction ratio is strongly influ-
enced by friction angle and weakly by dilation angle. 
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