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Abstract: Numerical simulations of a pile jacking were carried out. A Coupled Eulerian–Lagrangian (CEL) formulation was
used to treat with large deformation problems. An Abaqus, a commercial Finite Element Method software suit, was used as
a computing environment. The Mohr–Coulomb constitutive model was applied and the Coulomb model of friction was used
to describe pile-soil interaction. Calculations were made for three different pile diameters. Toe and shaft unit resistances ver-
sus depth for each pile were investigated and plotted. CPT-based solutions were compared with the results of numerical
simulations.
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1. INTRODUCTION

The rapid development of numerical methods in the
last few years has opened up new possibilities in geo-
technical modelling. A big amount of these methods
are dedicated to face large deformation problems. The
most popular are Arbitrary Lagrangian–Eulerian for-
mulation (ALE) [1], Coupled Eulerian–Lagrangian
formulation (CEL) [2], Smoothed Particle Hydrody-
namics method (SPH) [3], Material Point Method
(MPM) [4], [5] and Particle Finite Element Method
(PFEM) [6]. Three of these methods: ALE, CEL and
SHP are part of Abaqus software suit, but the CEL is
the most widely used. Application of a CEL formula-
tion in geotechnical modelling was shown by Qiu et al.
[7]. A pile jacking is a typical large deformation prob-
lem. Pucker and Grabe [8] have done a simulation of an
installation of a full displacement pile and Qiu et al. [9]
have performed a pile jacking simulation. In this paper,
pile jacking simulations have been carried out to obtain
unit resistances of the toe and the shaft of the pile. The
simulations were preceded by benchmark tests to get
accurate input quantities, such as mesh size and jacking
velocity. Afterwards, the specific numerical model was
developed. The results of numerical investigations were
compared and related to the CPT-based solutions for
unit toe and shaft resistances.

2. SOIL PARAMETERS

The CPT and DMT in-situ measurements in
loose/medium dense sands were performed. The results
of CPT and DMT probing are graphically presented in
Fig. 1. The water table level was high enough for the
assumption that it is equal to the ground surface. For
calculation purposes the average value of geotechnical
parameters was determined. The averaging was done to
the depths of 12.0 m. The soil was modelled as an elasto-
plastic body with Mohr–Coulomb failure criterion. The
material parameters used in numerical model are listed in
Table 1. In the analysis, the drained conditions were
assumed due to high permeability of sands and standard
insertion velocity of the CPT cone. The total soil unit
weight based on CPT probing was calculated using the
following equation [10]

236.1)][log(36.0)(log270
water

tot +/pq+R.=
γ
γ

atF (1)

where γtot – total soil unit weight [N/m3], γwater – water
unit weight [N/m3], RF – friction ratio [–], qt – tip re-
sistance [kPa], pa – atmospheric pressure [kPa].

Thus, the submerged soil density will be given as

g
γγρ'= watertot − (2)
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where ρ′ – submerged soil density [kg/m3], γtot – total
soil unit weight [N/m3], γwater – water unit weight
[N/m3], g – acceleration due to gravity [m/s2].

Young’s modulus was estimated on DMT probing
and it is given by the equation [11]

DMTME= 8.0 (3)

where E – Young’s modulus [MPa], MDMT – Con-
strained modulus [MPa].

Equation (3) enforces Poisson’s ratio in the range
of 0.25–0.3. Hence, Poisson’s ratio of 0.27 was stated.
The effective angle of friction based on DMT probing
was calculated using the equation [11]

DD K°K°°+==ΦΦ' 2log1.2log6.1428 ⋅−⋅DMTsafe, (4)

where Φ′ – effective angle of internal friction [°],
Φsafe,DMT – lower bound of effective angle of internal
friction [°], KD – horizontal stress index [–].

Lateral earth at rest pressure coefficient was cal-
culated using Jaky correlation. Effective cohesion of
1 kPa was assumed to avoid numerical complications.
In pile jacking simulation dilatancy should be taken
into account. Angle of dilation can be estimated using
the following equations [12]:

R

R

I+
Iψ=
3.02

3.0sin , (5)

R)lnQ( −− p=II DR (6)

where ψ – dilation angle [°], IR – relative dilatancy
index [–], ID – relative density [–], p – effective mean
stress [kPa], Q, R – constants.

Q = 10 and R = 1 give a good fit for quartz sands
[12]. The effective mean stress of 300 kPa was as-
sumed for calculations. This is an average value from
literature data [13]. The average relative density of
0.53 was estimated using correlations obtained from

Fig. 1. In-situ measurements probing graphs: (a) CPT, (b) DMT
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calibration chamber tests [14]. Hence, an approximate
dilation angle of 9° was calculated from equations (5)
and (6).

3. DEVELOPING
THE NUMERICAL MODEL

3.1. COUPLED EULERIAN–LAGRANGIAN (CEL)
FORMULATION

In traditional Finite Element Methods (FEM) a mesh
distortion usually appears where large deformations
occur. This is the biggest problem in FEM modelling.
The CEL method combines the best features of the
Lagrangian and the Eulerian formulations [2] to avoid
the mesh distortion problem. In this kind of simulation
each domain in discretized in Eulerian or Lagrangian
manner. Domain, which is modelled in Eulerian mode,
can be partially or fully filled with the material. In this
domain, a body may be located, which is discertized
with Lagrangian mesh. A general contact algorithm
defines contact properties between Lagrangian and Eule-
rian sections and enforces contact when Lagrangian
element encounters Eulerian element filled with mate-
rial. Thus, CEL formulation enables modelling large
deformations without taking care of the mesh distortion.
However, CEL method, as it is implemented in Abaqus,
requires 3D finite elements [15]. Hence, a plane problem
needs to be considered in 3D manner, where the third
dimension is usually the depth of Eulerian finite element.

3.2. CONTACT FORMULATION

Interaction between pile and soil is modelled by
a general contact algorithm, which uses a penalty
contact method. This method searches for small nodal
penetrations between surfaces where contact occurs.
Contact force and penetration distance are related to
penalty stiffness, which is chosen automatically by
Abaqus software to get the insignificant penetration
and a minimal effect on time integration [15]. Pile–
soil interaction is modelled as a tangential behaviour.

The Coulomb friction model is used with a coefficient
of friction μ defined as follows

⎟
⎠
⎞

⎜
⎝
⎛ Φ'=δ=μ

3
1tan)tan( (7)

where μ – Coulomb’s coefficient of friction [–], Φ' –
angle of internal friction [°], δ – angle of friction [°].

Substituting internal friction angle of 35.2 degrees,
as presented in Table 1, the coefficient of friction
returns value of 0.2077.

3.3. BENCHMARK TESTS

Benchmarks are very helpful to define the reliabil-
ity of numerical simulation due to different variables.
A series of benchmark tests were performed to meas-
ure the influence of mesh size and jacking velocity on
the numerical tests results. The benchmarks undertook
a strip foundation problem. A strip of 1.0 m in width
was pressed with a constant velocity and bearing
capacity was calculated. The elasto-plastic material
model with parameters as presented in Table 1 was
used. The soil was considered as weightless. This
additional assumption has to be made according to
Prandtl analytical solution, which is given as [16]

⎥⎦
⎤

⎢⎣
⎡ −⋅
−

⋅ 1)'exp(
sin1
sin1'sin Φπ

Φ'
Φ'+Φc'=q tanult (8)

where qult – ultimate bearing capacity of a strip foot-
ing [kPa], c′ – internal cohesion [kPa], Φ′ – angle of
internal friction [°].

The error of the numerical tests against the ana-
lytical solution was calculated. The most appropriate
mesh for Eulerian domain is a perfectly cubic one
[15], but, it can be seen that a gently biased mesh can
be as effective as a perfectly cubic one. However, this
is due to dimension of 8 cm of the shorter edge of an
element and the whole mesh design, where the finer
mesh is placed in the center of domain. Three pressing
velocities of 5, 25 and 50 cm/s were tested. The ve-
locity of 25 cm/s is a good one for further calculations
because of restrained solution noise. Also, the strip
mesh size does not affect reliability of simulation so

Table 1. Material parameters for a numerical model

Parameter
Submerged
soil density
ρ′ [kg/m3]

Young
Modulus
E [MPa]

Poisson’s
ratio
υ [–]

Effective
friction angle

Φ ′ [º]

Dilation
angle
ψ [º]

Effective
cohesion
c′ [kPa]

Earth at
rest pressure
coefficient

K0 [–]
Value 877 35.7 0.27 35.2 9.0 1.0 0.424
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much. The total error based on benchmark tests is
6.28%. For pile jacking numerical calculations, it
could be a little higher, but should not exceed 10%.

3.4. PILE JACKING TEST
– MODEL GEOMETRY

Benchmark tests are very useful to set the starting
parameters for numerical model of a pile jacking.
Based on results presented in the previous section,
the geometry, boundary conditions and loading for
a pile driving process were determined. The biased
mesh was applied with element dimensions of (8–10)
× (8–10) × 10 cm. Jacking velocity was set as 25 cm/s
with a smooth step amplitude, where velocity has
increased from 0 to 25 cm/s within the time of 1 s.
This smooth step was used to reduce the solution

noise [15]. The geometry of a numerical model is
illustrated in Fig. 2. The benchmarks have answered
a lot of basic questions, but they were useless as re-
gards the influence of a boundary effect. For the esti-
mation of required soil domain width, the research
papers were used. According to them, a domain width
should has dimension of 10D to 30D [7]–[9], where
D is a pile diameter. In present analysis, the width of
the soil domain was set to be equal to 15D. The sym-
metry advantage was also applied. The three piles
were tested with diameters of 0.8; 1.0 and 1.2 m. The
tips of the piles were designed to get maximum simi-
larity with the CPT cone. They are presented in Fig. 3.
The rounding between the cone of the pile and the
peripheral was designed to obtain better material flow
around the pile. The approximated mesh size for a pile
was set to 20 cm, 25 cm and 30 cm for diameters
of 0.8; 1.0 and 1.2 m, respectively. The initial pre-

Table 2. Benchmark tests for the bearing capacity of a strip footing

Soil domain (Eulerian) Bearing capacity [kPa]
Test
No.

Finite
element depth

[cm]

Mesh plane
dimensions

[cm]

Pressing
velocity
[cm/s]

Numerical
solution

Analytical
solution

Error
[%]

1 20 20 × 20 5 51.486 +9.61
2 10 10 × 10 5 44.774 –4.68
3 10 10 × 10 25 47.905 +2.66
4 10 10 × 10 50 55.155 +17.42

5 10 Biased mesh
8 to 12 × 8 to 12 25 44.032

46.974

–6.26

Fig. 2. Geometry and boundary conditions
for pile jacking simulation

Fig. 3. Lagrangian and Eulerian domains
for pile jacking simulation
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defined stress field was applied as geostatic stress
with lateral stress coefficient of 0.424. The material
parameters presented in Table 1 were used. The pile
was modelled as perfectly elastic body with Young’s
modulus of 17 GPa, Poisson’s ratio of 0.12 and den-
sity of 2300 kg/m3. These parameters give high stiff-
ness of a pile in comparison with the soil structure.
The simulation of a jacking process was carried out to
the depth of 10 meters. The Eulerian and Lagrangian
finite element approaches with pile–soil contact area
in numerical model are shown in Fig. 4. Pile toe and
shaft resistances during jacking have been investi-
gated.

3.5. RESULTS OF A SIMULATIONS

As a result of calculations, the total force acting on
the surface is provided. Although the Abaqus offers
a total contact area, the values are not excessively

precise and should not be used for stress calculations
[15]. Therefore, total contact area was calculated us-
ing depth–time relationship and a known geometry of
a pile. The unit pile toe and shaft resistances for three
different pile diameters are plotted in Fig. 4. As can be
seen, the resistances can be approximated by a linear
function. Coefficient of determination reaches high
values ranging from 0.96 to 0.99 with a low level of
noise. However, the reliability of 10% in pile jacking
solutions can be expected due to benchmark test re-
sults.

The analysis performed showed that boundary ef-
fects do not affect simulation so much. At the vertical
border no plastic strains were observed, so the influ-
ence of boundary effects is probably low in this re-
gion. However, at the horizontal border an accumula-
tion of a plastic strain is detected. This process started
at 8.5 m and lasted to the end of jacking when 10 m
depth was reached. In that range boundary effects
surely occur. The accumulation of plastic strains at the

Fig. 4. Pile toe and shaft unit resistances for:
(a) 0.8 m diameter pile, (b) 1.0 m diameter pile, (c) 1.2 m diameter pile

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


J. KONKOL42

depth of 10 m is presented in Fig. 5. The influence of
boundary effects can be seen also in the shaft unit
resistance, where sudden increase of resistance along
the last meter of jacking can be observed.

Fig. 5. A maximum principal plastic strain at a depth of 10.0 m

4. VALIDATION
OF THE NUMERICAL MODEL

The validation of the numerical model may be dif-
ficult for two main reasons. Firstly, a simple constitu-
tive model was used. This entailed average material
parameters from CPT and DMT probing, as was ex-
plained in Section 2. To get reliable data for compari-
son purposes, some range of the depth has to be
stated. The distribution of strength parameters with
depth is presented in Fig. 6. As can be seen, only
depth range from 7 to 10 meters is suitable for com-
parison. Due to boundary effects this range should be
limited to a depth of 8.5 meters, so the total represen-
tative comparison range is form 7.0 to 8.5 meters in
depth. Secondly, a problem with estimating values of
pile toe and shaft resistances based on CPT measure-
ments occurs. The pile toe resistance is reduced to
cone resistance due to scale effects [17]. Pile toe
resistance based on CPT probing is usually given
as [17]

m9.0for)]log(5.01[ CPT ≤− DD/Dq=q cb (9)

mfor 9.03.0 >Dq=q cb (10)

where qb – pile toe resistance [kPa], qc – cone resis-
tance [kPa], D – pile diameter [m], DCPT – CPT cone
diameter [m].

A CPT tip resistance was averaged for depths of 7
to 8.5 meters. A pile shaft resistance can be defined

using a sleeve friction or cone resistance and an ap-
propriate coefficient [18]. Here, the pile shaft resis-
tance was calculated using the equation proposed in
LCPC method [18]

2ψ
q=q c

s (11)

where qs – pile shaft resistance [kPa], qc – CPT tip
resistance [kPa], ψ2 – coefficient of shaft capacity [–].
For medium dense sands ψ2 = 200 [18].

Fig. 6. Representative depth range due to strength parameters

Values of the shaft and the toe resistances were
calculated from equations (9), (10), (11) and they
were compared with the values obtained from nu-
merical simulations. A full comparison is summa-
rized in Table 3. The analysis of the deviations
shows that performance of a numerical experiment
provided acceptable solution of the pile toe resis-
tance. Moreover, the calculated deviation is close to
the error of 10%, which was the estimate based of
benchmark tests for the pile jacking simulation.
However, shaft resistances for all testing diameters
were significantly underestimated. This is probably
due to the low value of the interface friction angle. In
this analysis, the interface friction angle of 0,333Φ'
was taken. In other research studies, the friction
angle is usually determined as 0.7–0,9Φ' [19]. An-
other question is a difference in numerical solution
of toe resistances for different pile diameters. The
Mohr–Coulomb constitutive law was applied and the
same soil domain width of 15D was used, so the toe
resistances should reach similar values for different
piles. As can be seen in Table 3 and in the graphs of
Fig. 5, this has not happened. This is probably due to
the same soil domain mesh size for all the cases and
the same vertical dimension of soil domain, see Fig.
3. Because of the domain mesh size, the results for

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Numerical estimation of the pile toe and shaft unit resistances during the installation process in sands 43

0.8 m pile diameter can be slightly overestimated.
For a 1.2 m pile, the vertical domain dimension may
play a key role, because it is relatively lower than for
0.8 m and 1.0 m piles, so the toe resistance can be
underestimated. The same features affect shaft resis-
tance. Because of the much greater noise in relation
to the toe resistance, the differences in results for
shaft resistances are more difficult to analyse and to
compare. Hence, the numerical solution should be
treated with great care.

5. CONCLUSIONS

The numerical simulations performed have
proved that CEL formulation is an effective tool to
deal with large deformation problem like pile jack-
ing. Combining Eulerian and Lagrangian features
provides a satisfactory estimation of soil response
due to the pile jacking. The exclusion of the mesh
distortions and hourglass effect in CEL modelling
as well as application of general contact algorithm
lead to significant improvement in the field of nu-
merical methods. However, the reliability of results
depends on many things. The most important is the
soil domain mesh size, but the input conditions like
jacking velocity and mesh size of pile have a sig-
nificant influence on the numerical noise. During
pile jacking tests the influence of boundary condi-
tions has appeared. Thus, a larger amount of tests
should be undertaken in this direction. Further, the
highest value of friction coefficient for the pile
shaft seems to be more appropriate in terms of true
interaction behaviour. The Mohr–Coulomb consti-
tutive law and Coulomb law of friction give accept-
able estimation of the pile toe resistance. Other
constitutive laws, more suitable for large deforma-
tion problems, should be tested as well. Discussion
of the results has shown that solution can be am-
biguous in interpretation and should be considered
with caution.
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