
Finite element analysis of the CPT for design of bored 
piles 

A. Tolooiyan & K. Gavin 
University College Dublin, Dublin, Ireland 

 

 

ABSTRACT: This paper initially describes the procedure involved in performing fi-
nite element analysis to model the development of the cone tip resistance (qc) during 
Cone Penetration Tests in cohesionless soils. The predictive capability of two stiff-
ness models; namely the Mohr-Coulomb Model and Hardening Soil Model were 
compared to field measurements of qc recorded at the University College Dublin, 
dense sand test bed site in Blessington, Ireland. These revealed that predictions of the 
cone tip resistance made using the Hardening Soil model showed very good agree-
ment with the field measurements. Estimates of the cone resistance derived using the 
Hardening Soil model were then compared to measurements of the end bearing resis-
tance mobilized by model bored piles tested as the site to investigate the value of the 
empirical reduction factor () which links the pile end bearing resistance and the qc 
value. 

1 INTRODUCTION   

The combined results of Cone Penetration Tests (CPT) and Finite Element Methods 
(FEM) are ideally suited for estimating the base resistance mobilized by bored piles 
installed in sand because such piles cause minimal stress and density changes during 
installation. Recent research effort has led to improvements in our ability to estimate 
the ultimate base resistance of driven piles in sand. These techniques often estimate 
the base resistance at relatively large displacements, typically 10% of the pile diame-
ter, qb0.1. The geometric similarity of piles and CPT instruments makes it possible to 
develop a proportional relationship between CPT qc and the end bearing capacity of 
pile as in Equation 1.  

 

cb qq   (1) 

 
where qb is pile base resistance,  is empirical coefficient which is less than unity, 
and qc  is CPT tip resistance. Numerical analyses reported by Lee and Salgado (2003) 
suggest that  reduced as the relative density of sand at the pile base and the pile di-
ameter increased. Lehane et al (2008) report a database of static load tests on bored 
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piles and suggest that  varied with pile length or stress level (depth). DeCock (2003) 
reported a review of pile design practice in Europe whereby a wide range of   fac-
tors from 0.15 to 0.8 were used in practice. These empirical factors derived from lo-
cal experience do not typically depend on the diameter or the length of the pile. In 
this paper, FEM analysis was used to model the cone penetration test qc resistance 
mobilized in sand. The ability of two stiffness models to predict the CPT qc resistance 
was assessed and the resultant numerically derived CPT qc values were used to ex-
plore the possible dependence of the  value on pile diameter and depth. 

2 FIELD AND LABORATORY WORK 

The field tests were performed at the University College Dublin (UCD) dense sand 
test bed located at Blessington, Co. Wicklow. The material is heavily over-
consolidated as a result of a history of glacial action, sand extraction and water level 
variation. Extensive CPT testing carried out at the site revealed that CPT end resis-
tance qc values are typically in the range 10 – 20 MPa. The natural water content ob-
tained from samples taken above the water table level was approximately 11-12%, 
indicating that the material at this level is partially saturated. Sand replacement tests 
indicated that the relative density of the in-situ material is close to 100%. The degree 
of saturation is estimated to be in the region of 71%, while the unit weight of the ma-
terial is 20kN/m3. The material is heavily over-consolidated as a result of glacial ac-
tion. The effect of the stress history on the coefficient of earth pressure at rest (K0 = 
horizontal/vertical effective stress) at the test site was determined as recommended by 
Mayne and Kulhawy (1982) and is shown in Figure 1. The shear wave velocity pro-
file was obtained using the Multi Channel Analysis of Surface Waves (MASW) 
method (Park et al. 1999) and the small strain stiffness E0 profile estimated is pre-
sented in Figure 2. A series of triaxial tests were performed to estimate the sand stiff-
ness at different strain ranges. The triaxial samples were prepared in the laboratory 
using the methodology described in Tolooiyan (2010) which involved samples being 
reconstituted to the in-situ density at the natural moisture content. Oedometer tests 
were performed in order to estimate the oedometer stiffness. 
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              Figure 1. Variation of Ko by depth.          Figure 2.  E0 profile estimated using MASW method. 
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3 MODELING THE CONE PENETRATION TEST 

The CPT test measures the large strain resistance of a cone pushed many metres into 
the sand deposit. Such large strain analyses pose significant numerical difficulties in 
FEM models. An approach whereby the cavity expansion pressure was estimated at a 
number of depth increments was used to model the large strain CPT test (See Xu and 
Lehane 2008). Bishop et al. (1945) pioneered the development of limit pressure solu-
tions for cavity expansion theory and this approach has been applied widely for mod-
eling pile and penetrometer resistance. According to this theory, the penetration of a 
cone can be simulated by expanding a cavity of finite radius in a soil mass as the 
pressure inside the cavity increases, the cavity expands until a limit pressure (Plimit) is 
achieved. The Plimit value can then be related to the cone resistance.  

Salgado et al. (1997), Huang et al. (2004) and Xu and Lehane (2008) employed 
FEM to model the cavity expansion and estimate the CPT qc. Xu and Lehane (2008) 
used the linear-elastic Mohr-Coulomb (MC) and non-linear Hardening Soil model 
(HS) in FE analysis of cavity expansion. They compared the results of the model with 
the closed-form solution proposed by Yu and Houlsby (1991) and found good agree-
ment for all approaches. However, Salgado et al. (1997) noted that the results of cav-
ity expansion predictions of limit pressure are affected significantly by soil stiffness 
non-linearity, and therefore linear-elastic perfectly plastic soil models are of limited 
relevance. 

In this paper, both the MC and HS model were employed to model cavity expan-
sion. The commercial finite element code PLAXIS Ver.8 (2002) was used to perform 
both the cavity expansion analysis and the pile load tests analysis. The Hardening 
Soil (HS) model described by Schanz et al. (1999) and the Mohr Coulomb (MC) 
model were used in the cavity expansion analysis. 

The MC model is an elastic perfectly plastic model while the HS model assumes a 
hyperbolic stress-strain relationship between deviatoric stress and axial strain in con-
ventional tri-axial loading. The stiffness adopted in the MC model was varied until a 
reasonable agreement between the measured and predicted qc values was obtained. 
The soil stiffness in the HS model is stress dependent, with a parabolic dependence 
controlled by the (m) factor. A number of stiffness values are required for the HS 
model namely; E50

ref, Eur
ref, Eoed

ref , defined as the stiffness at 50% of the peak shear 
stress, the reloading stiffness and the odeometer stiffness respectively. These were 
measured using the results of laboratory triaxial and oedometer tests. The soil model 
input parameters used for Blessington sand are illustrated in Table 1. 

The soil mass was modeled assuming axi-symmetrical conditions with fixed hori-
zontal and vertical boundaries at the base and horizontal fixity at the side boundary. 
Unified 15-noded triangular elements with 12 gauss stress points in each element 
were employed. Cavity expansion was modeled by applying positive volumetric 
strain to the spherical soil cluster. A layer of dummy material was inserted over the 
soil cluster in which the cavity expansion was performed. The unit weight of this 
layer was varied in the cavity expansion analysis to model the effect of increasing soil 
depth.    

The Plimit values estimated from the cavity expansion analysis of the HS and MC 
model were converted to the cone resistance using Equation 2 proposed by Randolph 
et al. (1994): 
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)tantan1(lim   itc pq  (2) 

 
where  is the internal angle of friction and   (the cone angle) is 60o for a standard 
cone penetrometer. The FEM CPT predictions are compared to four field profiles of 
the cone resistance measured at the Blessington test bed site in Figure 3. It is clear 
from this figure that the results using the MC model were very sensitive to the as-
sumed stiffness value, with E = E0 resulting in a significant overestimation of the qc 
values, whilst a relatively good prediction was determined with E = 0.5 E0.  The re-
sults of the HS model, where the stiffness values were measured from laboratory 
tests, show excellent agreement with the field test results.  
 

 
        Table 1. Parameters of Blessington sand. ` 

Parameter HS MC 
Unit Weight  (kN/m3) 20 20 
E50

ref (Pref=100kPa) (kPa) 44000 - 
Eur

ref (Pref=100kPa) (kPa) 155000 - 
Eoed

ref (Pref=100kPa) 
(kPa) 

25000 - 

Eref (kPa) - Variable 
Cohesion (kPa) 0.0 0.0 
Friction angle () 42.4 42.4 
Dilatancy angle () 5.5 5.5 
Poisson's ratio 0.2 0.2 
Power m 0.4 - 
Ko Variable Variable 
Tensile Strength (kPa) 0.0 0.0 
einit 0.373 - 
emin 0.373 - 
emax 0.733 - 
Pref (kPa) 100 - 
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                                                                        Figure 3. CPT qc profile of Blessington sand.  

4 PILE LOAD TEST 

4.1 Field pile load test 

Two model bored piles were installed at the test site. Pile TP1 was a two metre long, 
100 mm diameter, steel-reinforced grouted pile, which was formed using a hand au-
ger. The reinforcement frame comprised of four No. T8 steel bars with welded links 
at 150 mm centres. Six levels of electrical resistance strain gauges (four gauges at 
each level) were glued to the reinforcement frame at the levels shown in Figure 4, 
alongside the CPT profiles. The pile was formed using high strength grout (of 55 
N/mm2 nominal strength) which was pumped into the bore and allowed to cure over a 
30-day period. Whilst TP1 was installed in 2005,  TP2 was installed three years later 
at which time the surface level of the quarry had reduced by approximately 4 m. TP2 
was located approximately 35 metres south-west of the TP1 location. The CPT pro-
files and positions of the strain gauge arrays for this second test location are presented 
in Figure 5. Pile TP2 was 3 metres long and had a diameter of 200mm. The bore for 
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this pile was constructed using a shell and auger rig, while the reinforcement frame 
consisted of T16 steel bars, with T10 links welded at 500 mm centres. 
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       Figure 4. CPT qc values at location of TP1.                 Figure 5. CPT qc values at location of TP2. 

 
 
The end bearing resistance (qb) settlement plots for the two test piles are shown in 

Figure 6. Both piles exhibited a relatively stiff pressure-settlement response for pile 
head settlements below 0.5 mm. Test pile TP1 mobilised the highest end bearing re-
sistance at all displacement levels, reflecting the higher qc values in this test area. The 
maximum bearing pressure mobilised at a pile head settlement of 10 mm (10% of the 
pile diameter) for the TP1 pile was 4,500 kPa. The test on the 200 mm diameter test 
pile (TP2) was terminated at a pile head settlement of 8 mm due to the failure of one 
of the four tension anchors used to test the pile. The maximum end bearing resistance 
mobilised at this displacement level was 3,400 kPa. 
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Figure 6. Measured end bearing resistance mobilised in model pile tests. 
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4.2 FEM pile test 

The effect of the pile diameter and length on the end bearing resistance predicted us-
ing the FEM model for a 0.1 m diameter, 2 m long pile and a 0.2 m diameter, 3 m 
long pile installed in soil profile 2 (See Figure 5) is shown in Figure 7 which suggests 
qb increased with pile depth (or overburden stress). 
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Figure 7. Predicted pressure-settlement curve of pile base. 

 

4.3 Normalizing pressure settlement curves 

The average CPT qc values measured within two pile diameters of the tip of the mod-
el piles was 15,500 kPa (TP1) and 15,765 kPa (TP2). These qc values were used to 
normalise the qb values measured on the model bored piles which are plotted against 
the normalised settlement (s/B) in Figure 8. These are compared to the qb values pre-
dicted using the FEM approach which were normalised by the appropriate qc values 
estimated by HS model shown in Figure 3.  

The FEM predictions which were based purely on the interpreted soil properties 
are in good agreement with the measured values. The FEM predictions are very close 
to the measured resistance for pile head displacements up to 7% of the pile diameter. 
The analysis presented in Figure 8 shows that both the measured and predicted qb/qc 

values were constant and were therefore independent of the pile depth (or stress 
level), pile diameter or absolute qc value. As shown in Figure 8, the ratio of qb/qc in-
creased from 0.22 at a pile head displacement of 5% to 0.33 at 10% relative settle-
ment. 
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           Figure 8. Comparison of field and FEM tests 

 

5 SUMMARY AND CONCLUSIONS 

The results of FEM analysis and field experiments of the base pressure-settlement re-
sponse of model bored piles in sand are reported. Two stiffness models, the HS and 
MC models were employed for the FEM analysis of cavity expansion to model the 
CPT test were considered. Comparisons between HS and MC model shows that the 
use of the Hardening soil (HS) model with easily measurable laboratory test data 
yielded excellent estimates of actual CPT resistance developed in Blessington sand. 
The results of the MC model were extremely sensitive to the constant stiffness value 
assumed. An input stiffness equal to 50% of the small strain stiffness provided a good 
prediction of the actual CPT qc profile.  

The base resistance mobilized by the test piles and normalised by the CPT qc val-
ues were found to be independent of both pile diameter and pile length for the two 
pile geometries considered. The numerical analyses were shown to predict similar 
pressure-settlement profiles to those measured in the model tests. A combination of 
field experiments and FEM analyses confirmed that a unique pressure-settlement 
curve, which was independent of pile geometry was obtained for the site. 
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