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Abstract. Accuracy of numerical modelling of ground resistance of the 
displacement pile highly depends on proper evaluation of its states: prior 
loading and its changes during the loading. Evaluation of initial ground stage, 
its subsequent changes caused by pile installation and, finally, evolution of the 
loaded pile resistance are the modelling stages that require validation with 
specialized test results performed under controlled laboratory conditions. 
Selection of the proper physical soil model and its parameters should be 
also done in accordance with the relevant soil tests results. The first paper 
briefly introduces testing results of a displacement pile prototype. Tests were 
conducted in the created sand deposit in the laboratory pit. Determining pile 
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resistance and ground stress-strain distribution in the vicinity of the pile allows 
selecting the physical model for the soil. Numerical calibration of the parameters 
for the physical model of the selected soil was performed. The second, following 
paper will introduce analyses of pile resistance. It involves creation of a discrete 
model and its parameters, numerical modelling of pile resistance against 
vertical load. The pile ground resistance modelling applying the physical model 
of the selected soil includes the following stages: evaluation at rest stage and 
assessment of residual effects of installation and displacement pile loading 
resistance. Numerical analyses results were validated with displacement pile 
prototype testing results.  

Keywords: displacement pile, numerical calibration of soil parameters, sand, 
soil physical model.  

Introduction 

Analysis and design approaches for predicting the bearing resistance 
and deformation of a pile and pile group foundations are the issues 
raising continuous interest in engineering practice. Piles and piled 
structures are used in building and bridge construction, for stabilization 
of slopes and earth structures, in road engineering, when soil layers 
characterized by low bearing capacity and large deformability are 
shallow. Piles are often installed in piled embankments aiming to reduce 
surface settlement. For example, the fill above soft soils or organic layers 
is strengthened by using the load-transfer platform, supported from 
below by piles or pile groups. This construction allows reducing the 
stresses developed in soft soils. Hewlet & Randolph (1988) introduced 
the arching method for piled embankments, proposing the relation for 
determining the vertical stress (load) transmitted to the pile cap; such 
investigations on design of piled embankments using the geosynthetic 
reinforcement for soil can also be mentioned in Love & Milligan (2003); 
Raithel, Kirchner, & Kempfert (2008). In all aforementioned and other 
complex engineered piled solutions the prediction of pile resistance 
is the key point in determining stress-strain distribution in the upper 
ground layers.   

A large number of experimental, analytical and numerical 
investigations on prediction of pile and pile group foundation resistance 
have been performed up to know.  Numerical modelling of ground 
behavior is a powerful tool for analyzing pile foundation resistance 
measures for various levels of pile loading. Unsever, Matsumoto, & Ozkan 
(2015) presented an experimental and numerical investigation of piled 
raft performance of the pile group installed in dry sand. Hardening soil 
model (HSM) was employed in investigation for analysis using Plaxis 3D 
software. Basile (2015) presented the non-linear analysis of a vertically 
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loaded piled raft using 3D boundary element solutions, having compared 
the method with other numerical techniques. The main emphasis was 
made on considering nonlinear soil response in pile foundation design. 
El-Garhy, Galil, & Mari (2018) analyzed a flexible raft resting on granular 
soil over soft soil, presenting the results of parametric analysis of 
various factors. The research specifically considered the pile-soil-pile 
shear interaction effect for response measures of foundation; the results 
of numerical analyses using Plaxis 3D were compared with other known 
prediction methods and field measurements. Imseeh & Alshibli (2018) 
presented a 3D finite element model for modelling load transmission 
effects of particle fracture. Modelling results showed good agreement 
with experiments in investigation. 

However, the reliability of numerical analysis depends on many 
factors. Therefore, any proposed method or approach requires validation 
by relevant tests, minimizing the side factors.

Displacement pile (DP) generally is the most efficient pile type 
regarding its bearing resistance, as its installation strengthens load 
bearing capacity of the shaft and base. On the other hand, prediction of 
ground resistance of the loaded DP and their groups is rather difficult 
as it requires proper evaluation of soil effects – pile and soil-pile-soil 
and finally the pile-raft interaction (Norkus & Martinkus, 2019). The 
developed analytical, empirical, semi-empirical methods, when they are 
validated by the relevant field tests or laboratory tests with larger scale 
DP prototypes, serve as rational alternatives for the geotechnical design. 
It should be emphasized that each method of pile foundation behavior 
analysis is developed under certain assumptions and restrictions. 
Application boundaries for the proposed model should be clearly 
defined, as pile resistance evolution depends on many factors, first and 
foremost on the pile type, pile slenderness and load type. 

Evaluation of residual effects, i.e., determining the actual soil properties 
in the vicinity of the pile when installation load of displacement pile (DP) 
is removed, depends on proper evaluation of the initial (at rest) ground 
soil properties and the stress state. Prediction of loading resistance of the 
installed DP depends on the proper evaluation of the residual stress-strain 
state (SSS), relating it with the initial SSS of the ground. Comprehensive 
laboratory test data on the initial properties of the ground serve as a 
necessary data set for choosing the relevant physical model of the soil, 
employed for prediction of the DP resistance. The numerical modelling 
techniques and results presented in investigation are validated with 
the soil deposit testing and the DP resistance testing results. The DP test 
program included creation of a sand deposit in a large volume laboratory 
pit, performance of laboratory tests of deposit samples, DP installation and 
DP resistance tests and ground stress and displacement measurements. 
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The maximum DP load magnitude was chosen according to the ultimate 
limit state criterion of the pile, conforming to pile conditional settlement 
su = 0.2D, where D is pile diameter.   

1. Description of displacement pile test program 

Most models for pile resistance prediction were developed for the 
piles with higher slenderness L/D ≥ 20 (where L is pile length and D is 
pile diameter). In many regions of East Europe, the layers of dense 
or overconsolidated soils are shallow. Short piles, i.e., of slenderness 
L/D ≈ 5–7 are used on these soils. In case base resistance of such pile is 
greater than its shaft resistance, significant shaft resistance is mobilized 
near the pile base. Investigation of the bearing resistance for the short 
displacement pile (SDP) and their groups is performed at Vilnius 
Gediminas Technical University.

The SDP test program was realized at the Geotechnical Laboratory 
of Vilnius Gediminas Technical University. A special construction steel 
SDP prototype of 1.445 m length and 0.219 m diameter (slenderness 
L/D = 1.445/0.219 = 6.6) was constructed to realize the program of pile 
resistance analysis by testing. The piles were tested in the laboratory 
pit of 5.0 m width, 7.8 m length and 4.5 m depth, filled by air-dry soil 
volume. The total soil volume of 2.5 m depth was dug out, after that it 
was filled anew with compacted soil layers. Evenly distributed medium 
coarse sand was used. The thickness of the newly created sand deposit 
was chosen according to the assumption made in Fleming, Weltman, 
Randolph, & Elson (2009); Jardine, Chow, Overy & Standing (2005); 
Lehane, Jardine, Bond, & Frank (2005); and Schmertmann (1978), stating 
that the depth of the deformed ground below the pile base varies in 
the range of 1 to 5 pile diameters. Compaction of the sand deposit was 
performed with the aim to ensure stable properties up to 2.5 m depth 
from the ground surface. Below this level, a homogenous sand soil layer 
prepared previously was left unchanged. Soil compaction was performed 
by applying the single direction plate compactor. An optimal layer height 
of 0.15 m (17 layers for compacted volume height) was chosen according 
to the compacting capability of the employed compactor. Compaction 
quality was controlled by Dynamic Plate Load test, adopting the average 
dynamic deformation modulus Ed = 22.90 MPa. In order to characterize 
the properties of the created silica sand deposit, routine soil laboratory 
tests (24 direct shear tests under constant vertical load, 3 oedometer 
and 3 consolidated triaxial tests) with 9 samplings at 3 ground levels 
(see 3 blue points in Figure 1) were conducted. 13 cone penetration tests 
were done as well (see data in Figure 1).  
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A steel displacement pile prototype was constructed for analyzing 
the ground base and shaft resistance evolution of a low slenderness 
(end bearing) short displacement pile (SDP). The pile base and side 
surfaces were divided to certain sub-surfaces with the aim to investigate 
specifics of the pile base and skin resistance evolution at different stages 
of loading. Pile base surface was divided into internal surface of the 
circle with the radius of 105 mm and the remaining outer ring shape 
surface. Pile side surface was divided into the lower part (similar to 
pile radius, where resistance strongly correlates with base resistance) 
of height 295 mm and the remaining upper part. Structural dimensions 
of the prototype were conditioned by dimensions of instrumentation 
installed inside of the pile and the capability of loading set-up when 
loading the displacement pile group (Norkus & Martinkus, 2019). The 
ground total resistance of the pile in terms of concentrated resultant 
forces is obtained by integrating the relevant contact stress distribution 
on the pile base and side surfaces mentioned above. The prototype 

Figure 1. Cone penetration data of the created sand deposit 
(based on Norkus & Martinkus, 2019)
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Table 1. Physical and mechanical properties of sand deposit 
(based on Norkus & Martinkus, 2019)

Soil parameter Magnitude Unit

Density ρ 1.64 g/cm3

Water content w 4.38 %

Sand particle density ρs 2.65 g/cm3

Mean particle size d50 0.33 mm

Initial void ratio e0 0.69 –

Maximum void ratio emax 1.65 –

Minimum void ratio emin 0.44 –

Relative density Dr 0.79 –

Friction angle at critical state φ′cs 30.5 °

Peak friction angle φ′p 30.5–51.0 °

Dilatation angle ψ′p 0–26 °

Cohesion c′ 0 kPa

Oedometer coefficient of compressibility Cc 0.069 –

Dynamic deformation modulus Ed 22.90 MPa

Figure 2. Pile settlement s vs base Fbi and shaft Fsi resisting forces 
(based on Norkus & Martinkus, 2019)
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instrumentation measured the resultant forces Fi, corresponding the 
base Fbi and the side surfaces Fsi. Transformation to relevant average per 
surface stresses on the pile surfaces was done to determine the pile-soil 
contact stresses. The graph representing SDP load and ground resisting 
forces versus pile settlement is given in Figure 2. Distribution of vertical 
ground displacements and horizontal (radial) stresses versus SDP load 
are presented in Figures 3 and 4.

More information on the short displacement pile test program 
(creation of sand deposit, constructional scheme of the pile prototype, 

Figure 3. Ground horizontal (radial) stresses vs pile load at selected points 

Figure 4. Ground vertical displacements vs pile load at selected points 
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experimental set-up, testing equipment and pile tests) can be found 
in Norkus & Martinkus (2019). Summary of the main physical and 
mechanical properties of the created sand deposit is given in Table 1. 

Considering the evolution of ground elastic-plastic resistance 
(Figures 2–4), strong nonlinearity related to stress-dependency 
on deformation modulus and loading and unloading effects can be 
recognized. 

2. Selection of the physical model of soil

The isotropic shear hardening soil model, accounting for 
mobilization of friction (shear hardening), can help evaluate soil 
behavior changes related to the development of plastic strains in 
the ground. The second order hyperbolic physical law of deviatoric 
stress versus axial strain for primary triaxial loading (Figure 5) 
was proposed (Schanz, Vermeer, & Bonnier, 1999) for predicting 
the elastic-plastic behaviors of the soil and the contact of pile-soil. 
The main nonlinear physical law parameters in terms of 3 types of 
stiffness Ei are illustrated in Figure 5. This hardening soil model (HSM) 
is implemented in FEM software Plaxis 2D (Plaxis, 2016). It allows 
numerical modelling of the primary loading and reloading effects of 
soil, hence it can also serve for evaluating the preconsolidation effect 
(deposit history) encountered in the process of creation of the sand 
deposit. Employing the processed routine soil laboratory test data, the 
determined values can be subsequently related to the aforementioned 
3 types of soil stiffness employed by HSM (with the possibility to use 
the default values for them and other HSM parameters as well). Two 
first ones are derived from the primary deviatoric triaxial (E50) and 
oedometer (Eeod) compression loading test. The third (Eur) stiffness 
corresponds to the elastic reloading path. The expressions for the 
aforementioned three stiffnesses read:

 
φ
φ

 
φ
φ  

   

 
φ
φ  

where power m is introduced for relating stress dependency against 
stiffness moduli. As default setting, Plaxis 2D suggests the following 
relationships: Eoed ≈ E50 and Eur ≈ 3E50.     

(1)
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More detailed information regarding the theoretical background, 
selecting HSM parameters used in numerical modeling procedures 
of soil behavior can be found in Plaxis 2D (2016). The acknowledged 
efficiency of numerical modeling is widely employed by many 
researches. Flexibility of software Plaxis was one of the reasons for 
choosing it as the tool for numerical modelling of laboratory tests, firstly, 
for selection and calibration of the HSM parameters and, secondly, for 
subsequent modelling of SDP resistance test. Validation of numerical 
modelling results with the relevant soil laboratory and the SDP testing 
results served as a criterion of relevance and rationalized the use of 
the employed numerical modelling techniques for prediction of ground 
resistance evolution and determination of the magnitude of the ultimate 
bearing resistance (ultimate limit load) of the SDP.   

3. Numerical modelling and calibration 
of parameters for hardening soil model

Application of the 2D FEM formulations in case of symmetry for 
discrete models of structure and loading conditions lead to significant 
savings of computational resources (Said, De Gennaro, & Frank, 2019). 

Figure 5. Hyperbolic stress-strain vs axial strain relation in primary loading 
for a standard drained triaxial test (according to Plaxis, 2016) 
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This approach is relevant in numerical modelling of the soil laboratory 
and SDP loading tests, when the axisymmetric 2D discrete model FEM 
procedures are applied. 

Stiffnesses  and 
φ
φ given in Eq. (1) were determined applying 

the numerical modelling and calibration of soil oedometer test graphs. 
The iterative procedures and back analysis method were used to reach 
convergence of numerical and testing results. Secant stiffness  given 
in Eq. (1) was determined using analogous procedures for the triaxial 
tests, employing friction angles φ′cs = φ′p = 30.5. The back analysis for 
numerical modelling of the oedometer and triaxial tests was done using 

Figure 6. Oedometer test: a) experimental and simulated oedometer 
compression graphs; b) discrete model of the oedometer test 
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Figure 7. Triaxial test: a) experimental and simulated triaxial loading graphs; 
b) discrete model of the triaxial test 
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Figure 8. Direct shear test: a) experimental and simulated loading graphs; 
b) discrete model of the direct shear test 
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Table 2. HSM parameters 

Soil and HSM parameters Magnitude Unit Notes 

Density ρ 1.64 g/cm3 –

Initial void ratio e0 0.69 – –

Maximum void ratio emax 1.65 – Critical density parameter (dilatancy 
cut-off for HSM by Plaxis)

Minimum void ratio emin 0.44 – –

Friction angle at critical 
state φ′cs

30.5 ° –

Peak friction angle φ′p 30.5–51.0 ° To be set for soil layers of discrete 
ground model 

Dilatation angle ψ′p 0-26 ° To be set for soil layers of discrete 
ground model
Relation φ′p = φ′cs + 0.8ψ′p
applied according Bolton (1986)

Reference cohesion c′ 0.2 kPa Applied to avoid calculation 
singularities [according to Said,  
De Gennaro, & Frank. (2009); 
Mascarucci, Miliziano, Mandolini  
(2013, 2016)]

Reference stress 2000 kPa –

Oedometer loading stiffness 125 000 kPa Conforms to default Plaxis setting   
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Soil and HSM parameters Magnitude Unit Notes 

Triaxial loading stiffness  125 000 kPa Conforms to default Plaxis setting   

Triaxial unloading stiffness  375 000 kPa Default Plaxis setting

Power for stress magnitude 
dependency on stiffness m

0.45 – According to Brinkgreve, Engin, Engin 
(2000) 

Poisson’s ratio for reloading 0.2 – Default Plaxis setting 

Table 2. HSM parameters 

the same power m = 0.45 (proposed in Brinkgreve, Engin, & Engin, 
2000), and the same reference stress σref = 2000 kPa (the magnitude was 
determined via iterative procedures in order to fit the laboratory test 
graphs). 

Graphs of the oedometer tests obtained by numerical modelling 
and at the laboratory are given in Figure 6. Numerical modelling and 
laboratory triaxial tests graphs are given in Figure 7.

Numerical modelling of direct shear tests was also performed. 
The HSM model was used for calibration of the interface elements by 
employing variable φ′p related to the normal stress magnitude, applied 
to a shearing surface. Results of numerical modelling and laboratory 
direct shear tests are given in Figure 8.

The main parameters of the hardening soil model, including the 
numerically simulated and calibrated ones, which were subsequently 
employed for numerical modelling of ground resistance of a short 
displacement pile, are given in Table 2.

Conclusions 

Test program for resistance analysis of the short displacement pile 
prototype has been realized. Creation of the sand deposit with stable 
properties per volume in the laboratory pit, subsequent cone penetration 
tests and laboratory tests with deposit samples for determining the 
initial physical and mechanical properties of the deposit were performed 
at the first stage of the test program. Installation of the displacement 
pile prototype, measurements of ground resistance during loading 
were performed at the second stage of the test program. The analysis of 
tests results demonstrated strong non-linearity of pile resistance and 
served for selecting the hardening soil model and Plaxis 2D software 
for modelling laboratory tests and displacement pile resistance. The 
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numerical modelling of the oedometer and triaxial tests simulations 
showed good agreement with laboratory test graphs and the processed 
parameters: oedometer loading stiffness  and triaxial loading stiffness. 
Calibration of these stiffnesses was performed applying 1) the power 
m magnitude, recommended for sands and 2) calibrated reference 
stress magnitude, chosen via the iterative procedures in order to fit the 
laboratory test graphs. Numerical modelling of the direct shear test was 
required for calibrating the interface parameters of the contact soil-
pile for sand layers of the discrete ground model. Based on the results 
obtained via the iterative procedures and applied back analysis method, 
the following conclusions can be made.  

1. The hardening soil model realized via Plaxis 2D and its calibrated 
parameters can be employed for numerical modelling of the soil 
behavior, as numerical results demonstrated good agreement with 
laboratory test results. 

2. The hardening soil model and its calibrated soil parameters may 
by subsequently employed for 1) creating a discrete model for 
displacement pile testing; 2) evaluating the residual effects in the 
ground, accumulated during pile installation, and determining the 
evolution of the displacement pile resistance versus the applied 
vertical load.   
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