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Large deformation finite element analysis of cone
penetration tests in calcareous sands
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Abstract: The cone penetration test (CPT) is widely used to determine the mechanical properties of
cohesionless soils. Most of the existing correlations were established in terms of silica sands, while the data
for calcareous sands are limited. In comparison to silica sands, calcareous sands have a higher peak internal
friction angle and the variation of the friction angle and the dilation angle with strain in calcareous sands is
also different from silica sands. In this paper, the Arbitrary lLagrangian Eulerian method and a large
deformation finite element approach, was used to study cone penetration in calcareous and silica sands.
Frequent mesh generations were conducted to avoid the distortion of soil elements around the cone tip. A
modified Mohr-Coulomb constitutive model was introduced to describe the mobilized strength varied with
the plastic shear strain in calcareous and silica sands. The elastic and plastic parameters were determined by
bender element tests and drained triaxial tests. Numerical results of cone tip resistance agree reasonably
well with the existing data from centrifuge tests, showing that the established numerical model has the
potential to simulate the cone penetration in calcareous sands.
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1 Introduction

The cone penetration test (CPT) is arguably
the most important in-situ test in geotechnical
investigation. The measured cone resistance can be
used to estimate soil properties and pile tip
resistance. The analytical approaches used in
studying the cone penetration in sands include
bearing theories by limit plasticity or slip-line
analysis, cavity expansion theories and strain path
method"™. Numerically, Mahmoodzadeh et al. ,
Huang et al. and Ahmadi & Dariani reproduced

the CPT  using
[4-6]

different  finite  element

approaches The model tests in the calibration
chamber were conducted as well, to validate the
above theoretical and numerical results'™.

Most existing studies on the CPT in sands
have focused on ordinary silica sands, and studies
on the practical applications of CPT in calcareous
sands are very limited. Calcareous sands are
composed of calcium carbonate particles originating
from sedimentation or chemical precipitation, and
commonly appear between 30°N latitude and 30°S
latitude. Compared with silica sands, features of
calcareous sands include an inner pore, more

irregular  shapes, cementation and particle
breakage. Calcareous sands have higher internal
friction angles'® . but particle breakage may cause
greater strength reduction. It is still not clear if the
cone penetration resistance in calcareous sand
follows a similar tendency to that of silica sands.
The aim of this paper was to reproduce the
CPT in calcareous sands using a large deformation

A modified Mohr-
adopted,

finite element
Coulomb

considering the strain-softening and elastic stiffness

approach.

constitutive model was

to be varied by stress level. The CPT in silica

sands is replicated as well, for comparison.

2 Methodology

2.1 ALE technique
The Arbitrary lLagrangian Eulerian ( ALE)

function in commercial finite element package
Abaqus was used to simulate the cone penetration.
The Arbitrary Lagrangian FEulerian technique
combines the Lagrangian and FEulerian steps,
allowing the mesh to move independently of the
material, leaving the remaining mesh topology
unchanged. The equilibrium equations, boundary
conditions, external loads and contact conditions
are satisfied, as in conventional ILagrangian
analyses, followed by relocating the nodes and
remapping all variables from the old mesh to the
new mesh™. Therefore. a high-quality mesh is
maintained when large deformations occur. Since

the far-field soil

distorted during the entire cone penetration, the

elements are not seriously
ALE technique was applied to soil elements around
the cone only.
2.2 Soil models

The CPTs in silica or calcareous sands are
performed under nearly drained conditions. The
total stress analysis is thus sufficient to reproduce
the soil response. The soil around the cone
undergoes large deformation, and the traditional
Mohr-Coulomb model with fixed internal friction
angle ¢ and dilation angle ¢ cannot capture the
evolution of the mobilized soil strength.
Therefore, the Mohr-Coulomb model was modified
here to describe the strain-softening response of
medium dense or dense sands under drained
conditions. The elastic response was captured by
Poisson’s ratio and elastic shear modulus G as a
function of the stress level and void ratio.
Poisson’s ratio was selected empirically as 0. 3 for
both silica and calcareous sands.
2.2.1 Shear modulus of sands

The CPT in two sands, KW sand and UWA
through ALE

incorporating the modified Mohr-Coulomb model.

sand, is  studied analysis
The KW sand is natural calcareous sand from
Perth, Australia. Although the calcareous sands
spreading in a number of onshore and offshore

areas are vulnerable to particle breakage, it was not
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found in the centrifuge tests with KW sands/'".

The UWA sand is commercial fine silica sand
widely used in the physical model tests at the
University of Western Australia. The maximum
and minimum void ratios of KW sand are e, =
1. 42 and emi, = 0. 89, while e =0. 78 and e, =
0. 49 for UWA sand. The particle size distributions
of KW sand and UWA sand are given in Fig. 1.
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Fig. 1 Particle size distributions of KW sand and UWA sand

The maximum shear modulus G, of KW sand
and UWA sand are determined through the bender
element tests. For KW sand. Fig. 2 shows the
shear

variation of the normalized maximum

modulus with the normalized mean effective
pressures p'/p.» where p, is the atmospheric
pressure. The maximum shear modulus is usually
regarded as a function of the void ratio ¢ and p'™'".

The testing data in Fig. 2 can be fitted as

G, = 233 (ﬁli)z(g)o'ﬁpa D
:
$ 200 :
R
0

P'lp,

Fig. 2 Small-strain shear modulus of KW sand

Chow et al. reported that the testing results of
Go of UWA sand can be expressed as''>

_ (1.7—e)? (p\*°

The maximum shear modulus G, refers to
strains at 1077~ 107°%, while the shear modulus G
at relatively large strains is smaller. Papadimitriou
and Loukidis & Salgado proposed the
degradation of the shear modulus as G = G,/T,

et al.

where T is the degradation factor'®'*). Here, the
value of T is determined by back-analyzing a
centrifuge test in Liu & Lehane!': the test for
dense sand, KW-1 in Table 1, was simulated using
the ALE analysis, and the degradation factor was
calibrated as T =2. 5. Similarly., the degradation
factor of the UWA sand was determined as T =
1. 54 through the test of UWA-1 in Table 1.

Table 1 Centrifuge test of CPT5 in sands by Liu & Lehane™'"’

Dry Relative ~ Cone
Acceleration
Test Sample density density  diameter
level/g

o/ (kg+m™) D./% d/mm
KW-1 KW sand 1 310 70 7 40
KW-2 KW sand 1 310 70 7 80
UWA-1 UWA sand 1710 78 7 40
UWA-2 UWA sand 1710 78 7 80

2. 2.2 Friction angle and dilation angle

It was assumed that both ¢ and ¢ varied with
the equivalent plastic shear strain 7,, as shown in
Fig. 3. ¢i» ¢, and ¢. are the initial, peak and
critical internal friction angle, respectively and 7, »
Yies Vs and ¥y

equivalent plastic strains. The dilation angle ¢ was

are corresponding threshold

assumed to be 0. 1°, a small value near zero, until
the equivalent plastic shear strain reaches 7, , and
then it increased to the peak value ¢, quickly at 7,,.

Similar modelsH* "

were used by Potts et al. ,» Hu
et al. and Troncone. In this paper, 7, =0. 01,
Y =0.012, ¥,3=0. 05 and 7,,=0. 15 were selected
without

for both silica and calcareous sands

considering particle breakage.

Yo1Vp2 Vo3 Tpa

Effective friction angle and dilation angle
<
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Fig. 3 Schematic diagram of modified Mohr-Coulomb model

Drained triaxial tests are used to determine the

friction angle and dilation angle. 1) According to 12
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drained triaxial compression tests of KW sand
under different relative densities and confining
pressures, the critical friction angle ¢. = 36° is
determined. ¢,=41° and ¢, =6. 2° for the KW sand
with a relative density D, = 68% and confining
pressure of 100 kPa. Both relative density and
stress level are close to the centrifuge test
conditions conducted by Liu & Lehane'™. 2)For
UWA sand, Chow et al.", conducted drained
triaxial tests, with results of ¢, =31. 9%, ¢, =42°
and ¢, = 18°
dilatancy relationship of UWA sand. The stress-

can be estimated by the stress-

dilatancy relationship can be expressed as Eqgs. (3)
~(5).

Ix = D,(6.07—1n p',) +1.27 (3)
¢y — ¢ = 2.64I (4)
¢, — ¢ = 0.55¢, (5

where Iy, is the relative dilatancy index, and p', is
the mean effective stress at peak strength, with the
units of kPa. The (p’w value of KW sand was
remarkably higher than almost all silica sands,

which is consistent with Coop™®.

3 Finite element results and discussion

Four cone penetration tests in centrifuge were
performed by Liu & Lehane'®, as listed in Table
1. A7 mm cone was tested at 40g and 80g. with
the corresponding prototype diameter of d=0. 28 m
and 0. 56 m, respectively. The finite element model
is shown in Fig. 4. The tip angle was 60°. In the
ALE simulations, the soil model was 16d wide and
50d deep, which was proved to be sufficient to
avoid boundary effects. The penetrometer was
modelled as a rigid body, as the stiffness of the
penetrometer is much greater than that of soil. By
following Mahmoodzadeh et al. ', a smooth rigid
tube between the cone and soil was set, which
moved together with the cone®!. The soil elements
on the left boundary were to move outwards rather
than inwards. The interface between the cone and
the sand was simulated with the Coulomb friction

law and the interface friction angle was taken as

50% of the critical internal friction angle. The
interface between the sleeve and the sand was
assumed as smooth, to obtain the cone resistance
easily. The lateral earth pressure coefficient K, =
1—sin ¢, and the cone was penetrated with a
velocity of 0. 016 m/s. The soil was discretized as
four-node axisymmetric elements with reduced

integration.
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Fig. 4 Sketch of the finite element model

Results of the ALE analyses and centrifuge
tests for KW sand and UWA sand are compared in
Fig. 5 (a) and (b), respectively. ¢. is the base
resistance and w is the penetration depth in the
figure. A good agreement between the numerical
and experimental data is achieved, suggesting that
the modified Mohr-Coulomb model has the
potential to capture the basic behaviors of both the
UWA and KW sands. The percentage of particles
finer than 1 mm is more than 95% for KW sand
(see Fig. 1), so the particle breakage of such fine
sand sample was not observed in the centrifuge
tests. It is not clear if the modified Mohr-Coulomb
can be used for calcareous sands with strong
particle breakage.

In Fig. 5, the cone resistance g. is increased
nearly linearly with the penetration depth at the
depth larger than 10d. Compared to UWA sand,
the g in KW sand is remarkable lower when
penetrating at the same depth although the ¢. of
KW sand is higher than that of UWA sand. Given
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Fig. 5 Comparison between centrifuge tests and ALE results

a similar relative density, the void ratio of UWA
sand is smaller than that of KW sand due to the
smaller limit void ratio so that the effective density
of the UWA sand is larger. Also, the shear
modulus of the UWA sand is larger than that of the
KW sand. For the KW sand, the degradation
factor T=2. 5 is larger than that of the UWA
sand. If T=1. 54 is employed for the KW sand,
the cone resistance would be increased remarkably
(see Fig. 6). For both the KW and UWA sands, the
mobilized friction angle and the dilation angle around
the cone are varied with the plastic strain, gradually
approaching the critical values (Fig. 7 and 8). The
contour of the equivalent plastic strain in Fig. 7(c) and
Fig. 8 (¢) shows that the plastic zone around the
penetrometer is similar to those illustrated in Huang et
al. The plastic zone is expanded gradually and moves

downwards with the cone™,
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Fig. 6 Influence of stiffness degradation factor on cone

resistance for KW sand

(a) Friction angle (b ) Dilation angle

(¢ ) Equivalent plastic strain

Fig.7 Simulation results of cone penetration in KW-1 at z=7d

(a)Friction angle (b ) Dilation angle

(¢ ) Equivalent plastic strain

Fig. 8 Simulation results of cone penetration in UWA-1 at z=7d

4 Conclusions

The cone penetration in silica and calcareous

sands was investigated wusing the Arbitrary
Lagrangian Eulerian method. A modified Mohr-
Coulomb model was employed to describe the
strength evolutions of silica and calcareous sands,
with the soil properties determined through bender
element and drained triaxial tests. The variation of
the cone resistance with penetration depth was
obtained for different stress levels. A relatively
numerical and

good agreement between the
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experimental cone resistance profiles was achieved,
suggesting that the modified Mohr-Coulomb model
is suitable for calcareous sands without strong

particle breakage.
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