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FEM modelling of screw displacement pile interaction
with subsoil

Pawel Wieclawski!, Adam Krasiriski?

Abstract: Predicting the Q—s settlement characteristics of piles is an important element in the designing
of pile foundations. The most reliable method in evaluating pile-soil interaction is the static load test,
preferably performed with instrumentation for measuring shaft and pile base resistances. This, however,
is a mostly post-implementation test. In the design phase, prediction methods are needed, in which
numerical simulations play an increasingly popular role.

This article proposes a procedure for numerically modeling the interaction of screw displacement
piles with soil using the ZSoil 2D FEM program. The procedure takes into account technological
characteristics of this type of pile, such as the process of soil expansion during the screwing-in of the
auger and the pressure of concrete mix after pile concreting. They significantly affect the soil stress
state, which is a key parameter for the pile load capacity. Geotechnical parameters of the subsoil were
adopted from CPTU probing and laboratory tests. Due to the physical complexity, a constitutive soil
model “Hardening Soil” (HS) was used in the analyses. The modeling procedure was calibrated on the
basis of the static load test results of several instrumented piles, which were carried out as part of the
“DPDT-Auger” research project. As a result of these calibrations, generalized recommendations were
derived for an entire single pile modeling process with the axisymmetric system of ZSoil program.
These can be useful in the reliable FEM prediction of the O—s characteristics for screw displacement
piles for practical engineering purposes.
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1. Introduction

In deep foundations, displacement piles are a popular and still developing technique.
This is a group of technologies in which the main idea is to make piles without soil
excavation. Based on PN-EN: 1997-1: 2008 [1], one of the subgroups of this technology
are displacement piles created by screwing holes with specially designed expanding augers.
These are installed into the ground without casing. The expansion of the soil, mainly
horizontal, causes compaction in the immediate vicinity of the pile, the increase of soil
pressure and possible generation of water pressure in the soil pores. The diameters of such
piles usually range from 300 to 400 mm, and their length does not usually exceed 16—18 m.
The piles characteristically have good load-bearing capacities and moderate settlements [2],
but they require drilling machines with significant torque due to high resistance in strong
and stiff subsoil layers. This technology is also used in rigid column ground improvement.

In 2019-2022, the “DPDT-Auger” research project was implemented by the consortium
of Gdansk University of Technology and Budokop Geotechnika contractor. The main goal
of the project was to test and implement a prototype pile auger (DPDT), patented in Poland
in 2020 [3]. Project No. POIR 04.01.04-00-0124/18 was co-financed by the Polish National
Centre for Research and Development and EU funds. The operation and efficiency of the
DPDT auger were tested in model and field tests and compared with typical displacement
augers, mainly SDP (Fig. 1) [4].

v, *a
Fig. 1. Displacement augers tested in the research project: a) DPDT, b) DPDT-S (short), c) SDP, [4]

An additional goal of the project was to develop methods for calculating, forecasting
and designing screw displacement piles, including numerical simulations with popular
FEM programs. This article describes a proposal for a numerical simulation with the ZSoil
program [5-8], due to the demand from practice and a small number of publications on
screw displacement pile modeling in this program.
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FEM numerical modelling of pile-soil interaction has been the subject of numerous
scientific publications in recent years. In case of single piles, such simulations are carried
out in an axisymmetric system, in which reliable results require taking into account the
effects of pile installation. It is relatively simple to numerically simulate the installation
of a bored pile, which was presented, among others, by Krasifiski and Wiszniewski, [8].
Simulations of displacement piles are more difficult. Successful numerical simulations of
precast driven, vibro-driven and jacked piles have been carried out in the Abacus program,
e.g. Mahutka et al. [10] and Henke and Grabe [11]. In the case of screw displacement
piles, one of the first numerical analyses was done by Basu and Prezzi [12] but it was
limited to the problem of contact between a narrow non-cohesive soil section and the
shaft of the displacement auger and pile. A proposal for modeling the installation and
interaction of a screw displacement pile with non-cohesive soil in Plaxis 2D was also
presented by Krasinski [13]. A slightly different approach to the simulation of the soil
expansion phase concerning the volume strain option for SDP and CFA piles was also
presented by Krasifiski and Kusio [14]. In turn, numerical analyses of displacement pile
installation in cohesive soil using the Abacus program were presented by Konkol [15].
Numerical simulations of pile installation and interaction with the soil can also be found
in the work of Cudny [16].

2. FEM numerical simulation of piles using
the ZSoil program

2.1. General rules for modeling

The following describes attempts to simulate the interaction of screw displacement
piles with soil during a static loading using the numerical finite element method (FEM) in
the standard geotechnical program ZSoil, version 2018. In order to obtain reliable results,
the simulations included and reproduced the elements of pile installation technology that
significantly affect interaction with soil and the load capacity of piles [2, 12,13, 15]. The
task was considered as an initial-boundary problem modeled in an axisymmetric system.
The whole process of formal preparation and modeling should be carried out in accordance
with rules given in ZSoil program manual [5-8]. The pile was expressed as a volume
element (area with a width equal to the pile radius — D/2). In order to more precisely
divide the area into finite elements, a denser finite element mesh was applied within 0.8
to 1.0 m around and under the pile, in which the elements had shapes similar to squares.
In other areas, larger elements of rectangular, square or trapezoidal shapes were used
(Fig. 2).

Contact elements (interfaces) were used along the pile-soil contact line (on the shaft
and under the pile base). These elements have typical soil strength parameters, but they are
also defined by the penalty normal stiffness multiplier K,, m, and the ratio between the
tangential and normal penalty stiffnesses K, /K,,. The values of these two parameters were
adopted in accordance with ZSoil recommendations [5] and on the basis of calibration
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Fig. 2. Geometry and scheme of pile and soil discretization in the axisymmetric ZSoil system

tests. Interface elements were also used in the ground on the extensions of the vertical and
horizontal pile base edges [13]. This enabled the obtaining of the effect of mutual soil mass
shifts and a reduction of the unreal stress concentration under the pile base edge. In the
geometric model, a stratification of the subsoil was set and adjusted to the geotechnical
profile on the basis of the CPTU probing. The level of the ground water table was also taken
into account. Due to the significant complexity of physical phenomena (loading, unloading
and reloading phases), the Hardening Soil (HS) [8, 17] a constitutive model was used. The
parameters of individual layers were obtained from laboratory tests (TX and oedometer)
and in situ tests (mainly CPT) using Robertson classification [18].

The predicted Q—s characteristics of the pile design should take into account long-term
conditions, which is why the calculations were made with drainage regardless of soil type
(cohesive or non-cohesive). Generally, the purpose of the FEM numerical tests was to dis-
cover whether it was possible to reproduce numerically the behavior of screw displacement
piles in the ground, and also whether it is possible to predict the Q—s characteristics of
piles in medium-advanced FEM calculation geotechnical programs for design purposes.

2.2. Modeling of installation phases and pile loading

In order to obtain reliable mapping and calculation results, numerical simulations had
to take into account elements of pile installation technology, which significantly affect
their interaction and load capacity in the ground. In case of screw displacement piles,
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this mainly concerns soil expansion during auger drilling and pile concreting. During the
first simulation attempts, the influence of pile installation effects was tested. Also various
methods were tested to simulate the effect of soil expansion around the pile and the effect
of concrete mix pressure on the soil. It was found that omitting the effect of soil expansion
by the auger in numerical simulations causes significant underestimation of the calculation
results. On the other hand, omitting the effect of concrete mix pressure after soil expansion
phase causes the overestimation of calculation results. Then, the technological elements
should be necessarily and properly modeled in phases preceding the final phase of pile
loading. The calculation process of the screw displacement pile comprised the following
phases:

1. Phase 0 — initial state.

Phase I — soil displacement by the auger.

Phase II — pile concreting (concrete mix pressure).

Phase III — insertion of pile with full strength and stiffness.
Phase IV — pile load test.

In initial stage (Phase 0), the original state of geostatic stress in the soil is determined.
Depending on the soil origin, normally consolidated (OCR = 1.0) or overconsolidated
(OCR > 1.0) soils should be assumed. Here, normally consolidated soils were assumed
and hydrostatic ground water pressure in the subsoil.

The effect of auger soil expansion (Phase I) can be obtained by the axisymmetric
expansion of the cylindrical cavity [19]. A similar modeling method was used in Plaxis 2D
simulations, which were described in [13]. An alternative, substitute simulation method of
soil expansion and stressing phase is the “volume strain” method used and described, for
example, in Krasifiski and Kusio [14]. As an expansion result, the effect of initial stress
increase and pre-consolidation of the soil around and under pile base is obtained, which
has a large impact on the results of further calculations. In ZSoil, it is most convenient and
advantageous to model soil expansion by prescribed displacements, which is the closest
to the real phenomenon. This is based on assigning radial horizontal displacements u, in
nodes at the pile hole wall and vertical displacements u,, in nodes at the bottom of the hole.
These displacements are set in the “boundary conditions” option (tab). The soil material
must simultaneously be removed from the pile domain.

In the calibration analyzes described below, the displacements u, and u, were selected
by trials (with values of about 20-50 mm) to obtain a result as close as possible to the
result of a real pile load test (Q—s characteristics).

As the auger is screwed out, surrounding soil moves radially back towards the hole,
partially reducing its diameter. However, the hole is simultaneously filled with the concrete
mix fed under pressure, which supports the soil walls. As a result, the hole does not close,
but stress state changes occur in the soil surrounding the hole — the value of the horizontal
stress component in load-bearing soil layers usually decreases, but it may increase in
weak layers. After the auger is completely unscrewed, and even more after the vibrating
of the reinforcement, the excess concrete mix pressure set by the pump is reduced to
a value close to hydrostatic pressure. Then, as a result of water outflow from mix into
the ground and the concrete setting and shrinking, the value of this pressure is further

Nk v
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reduced. The technological phase of filling the hole with a concrete mix (Phase II) was
modeled using radial stress p, for inside pressure on the hole walls and vertical stress p,
for pressure on the bottom of the hole. In the proposed procedure, the assumed stress values
(loads) p, and p, were reduced to 75% of fresh concrete mix hydrostatic pressure [5, 8].
The concrete mix pressure was additionally reduced by groundwater hydrostatic pressure,
as it should have an effective value. The above described technological phases and their
modeling methods are shown in Fig. 3.
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Fig. 3. Phases of pile installation. Phase I — auger soil expansion: a) real system, b) physical model

for simulation, ¢) mesh deformation after displacement excitation; Phase II — pile shaft concreting:
d), e) real phenomenon, f) simulation in ZSoil

Phase III modeling — insertion of the pile — was intended to introduce elastic material
with hard concrete parameters (full stiffness and strength) into the pile hole. The linear
elastic material model with the following parameters was used for concrete: y;, = 25 kN/m?,
E =25 GPa and v = 0.167. In the same phase, contacts (interfaces) on the pile shaft and
under the base were activated. Simultaneously, the pile material was inserted and the p
and p, loads simulating concrete mix pressure were deactivated. During Phase 111, there
are no significant changes in the stress state and strain of the surrounding soil.

The final simulation stage was to model the pile load test (Phase IV), which was
performed by applying a vertical load of evenly distributed p ¢ , on the pile head. The value
of this load was determined by trial and error so as to obtain a vertical pile displacement
of about 10% of the pile diameter D or until the ultimate limit state was reached.

In addition to physical phenomena modeling, in ZSoil, the time operation intervals of
these processes should be modelled by means of “existence functions” and “load functions”.
Functions related to this task are shown in Fig. 4 and 5.
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(unloading), b) auger expanding the soil; c) pile concreting (concrete mix pressure), d) pile static
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3. Calibration of numerical model based on
field test results

This chapter presents examples of numerical simulations results for 2 piles tested on
experimental field plots in two different locations and in different ground conditions [4].
More simulations were carried out to calibrate numerical schemes and derive general rules

for reliable prediction simulations.
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With regard to the soil expansion phase, the prescribed displacement method presented
above was used in all cases. In the case of the first pile test, extensive results were presented
in the form of mesh deformations and stress maps from subsequent simulation phases,
together with the final O—s diagrams. With regard to the second pile test, for the sake of
this article, only comparative charts of Q—s characteristics from the numerical simulation
and the real test are presented. In ZSoil, as in other software, the calculation results can be
generated, for example, in the form of mesh deformations in individual phases, maps of dis-
placements, stresses, water pressures, etc. The obtained numerical values can also be viewed
directly and/or downloaded. The hidden fictitious rod method (“Truss”) was considered
the most advantageous in determining the load-settlement (Q—s) diagram of the pile, both
with regard to the total (Q.—s), as well as the soil bearing layers (Q y—s), the shaft (Q—s)
and its base (Qp—s) [9,10]. Such arod was placed in the pile axis (axis of the axisymmetric
system) in the geometric model building phase. The rod had its cross-sectional parameter
EA reduced 1000 times in relation to that of a real pile. Such a low axial stiffness practically
did not affect the results of the numerical calculation. After performing the calculations,
the numerical values of the fictitious rod axial forces and displacements were extracted
from the post-processor and exported to an Excel sheet to create the Q—s characteristics of
the pile. During these processes, the force values had to be multiplied by 1000.

3.1. Pile 602 from test plot 3

The simulation example concerns pile 602, DPDT with diameter D = 0.40 m and
length L = 10.5 m [4]. The initial geotechnical parameters of the soil layers are listed in
Table 1. The results of the numerical tests in the form of mesh deformation images and
effective stress maps from the main simulation phases are shown in Fig. 6 and 7, and the
QO-s plots compared with the real pile field test are presented in Fig. 8.

Table 1. Initial parameters of soil layer adopted for numerical analyzes of pile 602, [4]

Soil | Soil = &% S |87 % 8 £ | 25 | =5
layer | type |y | ye | @ | ¢ | v |ES | Eoed| BT | v | prr | m

[kN/m?] [°] | [KPa] | [°] [MPa] [-] | [kPa] | [-]
M | eSa 190200400 00 | 80 |50.0] 5001000 02 |100.0] 03
a | c [195]195[300] 50 | 00 | 50| 50 | 100 | 02 [ 100.0] 0.9
) | FSa |195]19.5[350] 0.0 | 3.0 250250 500 | 02 | 1000 0.3
V) | sisaor | 198198330 00 | 20 | 70 | 120 | 180 | 02 | 1000 | 0.85
(VID | siSa | 199]199[375| 00 | 50 |[140]17.0 ] 300 | 02 | 1000 0.7
(VIID | Mud |17.8[17.8|370] 64 | 00 | 21 | 21 | 60 | 02 | 1000 0.9
(IX) | MSa |20.1]20.1[390]| 00 | 60 |400]21.0] 80.0 | 02 |1000] 03
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Fig. 8. Pile 602 — Q—s graphs from numerical calculations in comparison with real pile test

3.2. Pile 806 from test plot 2

The simulation example concerns pile 806, DPDT with diameter D = 0.40 m and
length L = 12.8 m, [4]. The initial geotechnical parameters of the soil layers are listed in
Table 2. The results of the numerical tests, in the form Q—s plots compared with the real
pile test, are presented in Fig. 9.

Table 2. Initial parameters of soil layers adopted for numerical analyzes of pile 806, [4]

= | § g | & 22 SINE-TREE

Soil | Soil = |=°] 8§ &7 & B €| 25 |33
layer | type |y [y | ¢ | & | v |ES [ Eeed| EXT | v | Pt | m
[kN/m®] | [] | [kPa] | [°] [MPa] [-] | [kPa] | [-]

@ | Sa+si [190[200]350] 00 | 30 [250]300] 500 | 02 [1000] 05
() | Fsa |185[195[330| 00 | 20 [200]250| 400 | 02 [1000] 03
@m | csi |195]200]300] 250 | 00 [ 60 | 60 | 120 | 02 [1000] 038
av) | cusisa [ 197202300 450 | 00 [120] 120 ] 250 | 02 [ 1000 | 03
(V) | Sassisa | 18.8 [ 200380 ] 00 | 6.0 [650]650 [ 1350 02 | 1500 0.3
n | sicl [202]202]300] 500 ] 00 [250]250] 500 [ 02 ]2000] 09
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Fig. 9. Pile 806 — O—s graphs from numerical calculations in comparison with real pile test

Analyzing the results presented in Fig. 8 and 9, the numerical representation of screw
displacement piles interaction with subsoil can be assessed positively. Nevertheless, one can
conclude that the initial stiffnesses of calculated Q—s curves seem to be underestimated in
relation to test curves. The reasons of this underestimations can be the linear characteristic
of Ey; soil modulus in HS constitutive model applied, the lack of taking into account the
residual forces, commonly found in the displacement piles [20] and partially the lack of
the small strain stiffness in HS model.

4. Conclusions

This article presents the tests and numerical simulations of two sample piles. In the
research project, similar calibration tests were performed on about 10 piles selected from 6
specially prepared research plots. These tests confirmed that using the FEM ZSoil program
it is possible to conduct a reliable numerical simulation and prediction of the interaction
between a displacement pile and the subsoil. On the basis of these tests and analysis results,
using the ZSoil program, the following conclusions and practical recommendations may
be formulated with regard to simulations of screw displacement piles, taking into account
pile installation phases:

1. The phase of auger soil expansion can be modeled using numerical displacements.

Horizontal radial displacements of the pile hole walls are usually assumed to be
Uy = 15-30 mm. In predictive modelling, for practical purposes, a value of u, =
20 mm may therefore be proposed. Such a value can be considered safe (not causing
overestimation).
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2. During the same phase of soil expansion, numerical vertical pile hole bottom dis-

placements of #, = 30—60 mm had to be set. For practical predictive numerical
calculations, u, = 40—50 mm is therefore proposed. Such a range will be safe (not
causing overestimation).
. The same modeling parameters of the pile concreting phase were used in all the
analyzed cases, with p and p,, equal to 75% of the concrete mix hydrostatic pressure.
This has yielded good results. The same method and values are therefore proposed
to be used in predictive modeling.
An important element of the above simulations was the proper adoption of contact
(interface) parameters in the form of the stiffness coefficients K, mu: = 0.5 and
K;/K,, = 0.03-0.05, selected by trial and error. Similar values are proposed for
practical, engineering numerical calculations. The analyses showed that numerical
calculations are very sensitive to these parameters. The proper selection of parameter
values requires further research and remains an open topic for discussion.
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Modelowanie MES wspétpracy pali przemieszczeniowych wkrecanych
z podlozem gruntowym

Stowa kluczowe: metoda elementéw skoniczonych, ZSoil, pale przemieszczeniowe wkrecane, cha-
rakterystyka osiadania pala

Streszczenie:

Prognoza osiadania pali fundamentowych pod wplywem obcigzen zewnetrznych jest kluczo-
wym zagadnieniem w projektowaniu posadowien glebokich. Dysponujac charakterystyka ,,0—s”
(obcigzenie—osiadanie) mozna z dobra doktadnoscia okresli¢ w jaki sposéb bedzie zachowywala sie
konstrukcja w trakcie budowy i uzytkowania. Najlepsza metoda weryfikacji wspétpracy pali z pod-
ozem jest prébne obciazenie statyczne, szczegdlnie cenne w przypadku pali oprzyrzadowanych, gdy
poza globalng charakterystyka dysponujemy dodatkowo pomiarami oporéw gruntu pod podstawa
i tarcia na pobocznicy. Ze wzgledu na ograniczenia techniczne i ekonomiczne nie zawsze istnieje
mozliwo$¢ wykonania satysfakcjonujace;j liczby testow w terenie z zaawansowanym oprzyrzadowa-
niem pomiarowym. Problem czesciowo rozwigzuje mozliwo$¢ symulacji numerycznej. W artykule
przedstawiono propozycje procedury modelowania wspétpracy pali przemieszczeniowych, formowa-
nych za pomocg §widréw rozpierajacych DPDT, z osrodkiem gruntowym w programie ZSoil 2018.
Rozpatrywany problem potraktowano jako zagadnienie poczatkowo-brzegowe, dotyczace pala poje-
dynczego, wymodelowane w ukladzie osiowo-symetrycznym. Pal wyrazono za pomocg elementéw
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objetoSciowych. Przedstawiona procedura uwzglednia czynniki technologiczne charakterystyczne
dla tego typu pali, takie jak proces rozpierania gruntu przez wkrecanie §widra czy ci$nienie mie-
szanki betonowej. Procesy te wymodelowano sposobami zastgpczymi. Wplywaja one istotnie na
stan naprezenia w gruncie, czyli kluczowy parametr, od ktérego zalezy no$no$¢ pala. Wzdhuz li-
nii styku pala z gruntem (wzdiuz pobocznicy i pod podstawa) zastosowano elementy kontaktowe
(.interface”). Elementy te sg opisywane typowymi parametrami gruntowymi, ale oprécz tego para-
metrami K, )¢ oraz Ky /Ky. Wartosci tych oraz innych parametréw okre§lano na podstawie préb
kalibracyjnych. W modelu geometrycznym, uwarstwienie podtoza gruntowego dostosowywano do
profilu geotechnicznego wyznaczonego z sondowania statycznego CPTU. Ze wzgledu na znaczna
ztozono$¢ zagadnienia (fazy z obciazeniami i odcigzeniami), w analizach wykorzystano model kon-
stytutywny gruntu ,,Hardening Soil”. Procedura modelowania zostata skalibrowana na podstawie
wynikéw prébnych obciazeri statycznych kilku pali oprzyrzadowanych pomiarowo, ktére wykonano
w ramach projektu badawczego ,,DPDT-Auger” nr POIR.04.01.04-00-0124/18 dofinansowanego
z NCBIR i $rodkéw UE. W wyniku kalibracji wyprowadzono uogdlnione zalecenia dotyczace ca-
fego procesu modelowania pala pojedynczego w ukladzie osiowosymetrycznym programu ZSoil, jak
réwniez dotyczace wartoSci parametréw poszczegdlnych etapéw tego modelowania. Pozwolg one
na miarodajne i wiarygodne prognozowanie MES charakterystyk ,,0—s” pali przemieszczeniowych
wkrecanych, przydatnych w praktyce projektowe;.
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