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Abstract
The impact of pile installation in soft soils on its surroundings has been numerically investigated with a focus on the re-

sponse of an existing piled structure. The originality is the parameterised 3D finite element analyses of far-field soil–structure
interaction scenarios, i.e., interactions that are largely driven by mass-displacements. A main finding is that the geometry,
which includes the number and length of newly installed and existing piles, the distance between the two pile groups, and
also the distance to stiff boundaries in the system (in the field and in the numerical analysis), governs the problem to a large
extent. Therefore, to simplify the analysis of such complex cases, modification factors for the displacements in greenfield
conditions are proposed, to calculate the displacement and structural response of the existing structure. The proposed non-
dimensional factors are a function of the length of the newly installed and existing piles and the distance between the two
pile groups. No unique solution exists; hence, a series of charts have been compiled to provide a first assessment of the impact
of an existing piled structure on the induced displacements from the installation of a nearby group of displacement piles in
soft soil.

Key words: clay, soil-structure interaction, pile installation, displacements, building response

Résumé
L’impact de l’installation des pieux dans les sols mous sur ses environs a été numériquement investigé avec un accent sur la

réponse d’une structure à pieux existante. L’originalité est les analyses paramétrées par éléments finis en 3D des interactions
sol-structure-à grande distance scénarios, c’est-à-dire des interactions qui sont largement déterminées par des déplacements
de masse. Une des principales conclusions est que la géométrie, qui inclut le nombre et la longueur des nouveaux installés et
existants pieux, la distance entre les deux groupes de pieux et aussi la distance aux limites rigides dans le système (sur le terrain
et dans l’analyse numérique), régissent le problème dans une large étendue. Par conséquent, pour simplifier l’analyse de ces
cas complexes, des facteurs de modification pour les déplacements dans en conditions de terrain vierge sont proposées, afin de
calculer le déplacement. et la réponse structurelle de la structure existante. Les facteurs non dimensionnels proposés sont une
fonction de la longueur des pieux nouvellement installés et existants et de la distance entre les deux groupes de pieux. Aucune
solution unique n’existe, c’est pourquoi une série de graphiques ont été compilées pour fournir une première évaluation
de l’impact d’une structure à pieux existante sur les déplacements induits par l’installation d’un groupe de déplacement à
proximité pieux dans un sol mou.

Mots-clés : argile, interaction sol-structure, installation de pieux, déplacements, bâtiment reponses

1. Introduction
Geotechnical design in an urban setting involves the mit-

igation of damage to existing structures (Burland 1997). Xu
and Poulos (2001) discuss potential situations in which ex-
ternally induced displacements in the soil from nearby con-
struction activities can lead to additional forces and stress
in existing structures on shallow or deep foundations. One
source of induced soil displacements is the installation of dis-
placement piles in fine-grained soils, such as clay. Pile instal-
lation generates vertical and horizontal displacements in the

soil at a radial distance exceeding the installed pile length
(e.g., Hagerty and Peck 1971; Bozozuk et al. 1978; Dugan and
Freed 1984; Edstam and Kullingsjö 2010). The displaced soil
from pile installation is also called mass-displacement, in
case the response of the clay is largely undrained without
volume change. Dugan and Freed (1984) reported a consid-
erable difference between the displacements from pile in-
stallation in greenfield (GF) conditions, i.e., homogeneous
soil, level surface, without existing structures, and the dis-
placements of an existing structure embedded at the same
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location. The emerging displacement of the existing struc-
ture, and its foundation, is a result of the soil–structure in-
teraction (SSI), involving three parts:

− the induced displacements of the soil from the pile instal-
lation process at the source;

− the relative stiffness between the structure and the soil at
the receiver;

− the geometrical constraints and properties of the soil in
between the source and receiver; the medium.

The modification factors approach originally developed
and improved for assessing the impact of volume loss from
tunnelling on existing foundations (e.g., Potts and Adden-
brooke 1997; Franzius et al. 2006; Mair 2013; Franza et al.
2017, 2021), has been successfully used to quantify the impact
of SSI in other geotechnical engineering problems, where ex-
ternally induced soil displacements interact with an existing
structure, e.g., excavations (e.g., Korff 2012; Goh and Mair
2014; Zheng et al. 2023) or regional subsidence (e.g., Deck
and Singh 2012; Basmaji et al. 2019; Franza et al. 2020). In
the modification factors approach the GF displacements are
scaled with a factor accounting for the effect of the relative
stiffness, distance and foundation layout of the affected struc-
ture. The magnitude of the factors are derived based on nu-
merical analyses using the finite element method (FEM). The
modification factors approach have not yet been developed
for cases where the induced displacements acting on exist-
ing structures stem from nearby installation of displacement
piles in clay.

The impact of pile installation on the clay surrounding the
pile has been extensively studied in field (e.g., Karlsrud and
Haugen 1985; Lehane and Jardine 1994; Hunt et al. 2002) and
laboratory tests (e.g., Lehane and Gill 2004; Ni et al. 2010),
as well as by numerical modelling (e.g., Sheil et al. 2015;
Abu-Farsakh et al. 2015; Monforte et al. 2021). These studies,
however, mainly focus on the changes in effective stress and
other state variables and the displacements in the near-field.
The far-field effects, i.e., at a distance beyond notable stress
change, are not as commonly investigated and are mainly
present as a translation of a soil mass, as the change in state
of the soil (from deformations) are small (Bozozuk et al. 1978;
Edstam and Kullingsjö 2010). Yet, many unresolved issues in
geotechnical engineering projects in an urban setting arise
between new and existing structures that interact in the far-
field.

The short-term (instantaneous) soil displacements due to
installation of displacement piles in soft soils can be directly
related to the installed pile volume, given the undrained load-
ing conditions that emerge from the low hydraulic conduc-
tivity of the clay and the high loading rate during pile instal-
lation (Randolph et al. 1979). The emerging drainage condi-
tions during pile installation can be estimated by the nor-
malised penetration velocity as V = vd

cv
, where v is the instal-

lation velocity, d is the diameter of the pile, and cv is the ver-
tical consolidation coefficient where a normalised penetra-
tion velocity higher than 20 are indicating an undrained sys-
tem response (Lehane et al. 2009). The short-term constant
volume displacements are experimentally supported by Ni

et al. (2010) in a laboratory and by Edstam and Kullingsjö
(2010) in the field. In the long-term, the consolidation-driven
movement, following the dissipation of excess pore pressures
from driving, has been found to be in the reversed direc-
tion due to consolidation compared to the installation move-
ment (Dugan and Freed 1984; Pestana et al. 2002). Thus, the
largest displacement is found in the short-term situation. The
shallow strain path method (SSPM) (Sagaseta et al. 1997) has
been shown to capture the measured displacements from in-
stalling a single pile when benchmarked against both a field
and laboratory test (Sagaseta and Whittle 2001; Ni et al. 2010;
Zhou et al. 2017). Additionally, SSPM can also be used to pre-
dict the mass-displacements from multiple piles by superpo-
sition of the solution for a single pile (Sagaseta and Whittle
2001; Edstam and Kullingsjö 2010).

SSPM, however, does not directly account for the influence
of the interaction between existing structures and surround-
ing soil on the distribution of displacements. Therefore, SSPM
needs to be extended for use cases with an existing structure
by introducing modification factors.

The current work aims to expand the use of the modifi-
cation factors approach towards displacements from pile in-
stallation in soft soils. The focus is on quantifying the im-
pact of an existing structure on the change in displacements
in the clay surrounding its foundation. Therefore, a system-
atic parametric study has been performed to quantify the in-
fluence of distance, new and existing pile lengths, relative
foundation–soil stiffness and spacing of existing piles on the
deformation behaviour of the existing deep foundation. The
results will be compiled in a series of charts for modification
factors that can be used in (complex) engineering settings,
where the magnitude of the predicted displacements with-
out structure might be either obtained empirically, based on
a simplified prediction method (e.g., Sagaseta et al. 1997) or
evaluated from monitoring data.

2. Methodology

2.1. Model concept
The numerical model for the parametric study on the im-

pact of soil–structure interaction between a volume change
from pile installation at the source and the displacements
around an existing deep foundation is developed within the
FEM using PLAXIS 3D (Brinkgreve et al. 2023). The problem
requires a three-dimensional (3D) finite element (FE) model
to incorporate the geometrical effects of the displacements
adjacent to multiple piles. Hence, a simplified SSI has been
created to reduce the model complexity and computational
demand, given the focus is on establishing a relation between
the GF displacements and the response of existing structural
elements at a distance from the source. Three main simplifi-
cations are made in, respectively, the source, the receiver, and
the medium.

− The source of the mass-displacement from pile installation
is modelled using a horizontal cavity expansion for the
complete pile group (Edstam and Kullingsjö 2010). Numer-
ical cavity expansion substantially simplifies analysis com-
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pared to modelling the actual vertical penetration mecha-
nism, which requires special numerical techniques to han-
dle large deformations (e.g., Wang et al. 2015). In the case
considered herein this simplification is permissible, as the
distance between the source and receiver is sufficiently
large (Isaksson 2022).

− The existing structure at the receiver side is modelled using
embedded beams (EBs) (Sadek and Shahrour 2004) for the
piles and plate elements for the foundation slab. There-
fore, the number of degrees of freedom in the numerical
model is greatly reduced when compared to using solid
volume elements (Sheil and McCabe 2012).

− The soil in the medium is modelled as a linear elastic (LE)
solid with an equivalent stiffness and Poisson’s ratio that
reflect an undrained soil response. The LE model provides
a conservative estimate for the magnitude of the modifi-
cation factors, whilst sacrificing some accuracy near the
source of the generated displacements, whereas at the
larger distances with only small (shear) deformations, the
response is captured well.

Combined the three simplifications enable the study of
modification factors for a large number of cases whilst in-
corporating, in a simplified manner, a pile group on both the
source and receiver ends. The modelled undrained conditions
(constant volume) are valid in the short-term situation for a
pile installed in a soft soil, before the consolidation of the
excess pore pressures results in a volume change of the soil
in the vicinity of the driven piles. Due to consolidation, the
constant volume conditions are no longer valid, which for
soft soil leads to reduced soil displacements. Lower displace-
ments can, in a first assessment be assumed to reduce the risk
of damage to an existing structure.

Given the model simplifications, the results from this
study are applicable when the distance of the existing foun-
dation is beyond ≈10 pile diameters (Isaksson 2022). For com-
mon pile diameters used in Sweden, the distance is less than
the width of a street but larger than practical pile spacings. In
the far field, the cumulative effect of the displacements from
multiple piles will be the more critical design situation.

2.2. Modelling displacements from pile group
The installation method used for the pile group in the

3D FE model is a further development of the approach sug-
gested in Edstam and Kullingsjö (2010). The suggested ap-
proach shows comparable performance against SSPM and
good agreement with measured displacements in GF condi-
tions for a field test.

Numerically, the installation of a pile (group) is modelled
by the expansion of a predefined soil volume, extending from
the surface down to a depth corresponding to the pile length.
The volume is expanded in the two horizontal directions of
the domain where the added volume represents the installed
pile volume. A schematic illustration of the modelling frame-
work is presented in Fig. 1. The initial area Ai of the soil is ex-
panded to a new area Aexp and the difference � corresponds to
the installed pile volume per meter of the installed pile or pile
group. The constant volume behaviour of natural clay during
the installation process is captured with an LE total stress for-

Fig. 1. Schematic illustration of the expanded cross-
section over the length of the pile.

mulation using an undrained stiffness combined with a Pois-
son’s ratio ν = 0.499.

2.3. Modelling existing piled structure
The existing deep foundation is modelled in a simplified

manner using structural elements. The superstructure of the
existing building is included using a plate representing a sim-
ple slab resting on top of the soil. The connection between the
plate and the soil is modelled as fully bonded. Preliminary in-
vestigations were performed where an interface element was
used for the connection between the soil and the slab. A stiff-
ness reduction of 50% did not induce any major changes to
the observed behaviour with respect to the restraint caused
by the existing foundation. The piles below the existing struc-
ture are modelled with EBs (Sadek and Shahrour 2004). EB is
more efficient than modelling piles with volume elements,
which enables the systematic study of more scenarios with
a large number of piles (Sheil and McCabe 2012). A previ-
ous version of EB than currently implemented in PLAXIS
(Tschuchnigg and Schweiger 2015) has been used to model
lateral loading on piles in soft soils (Dao 2011). When com-
bining the EB with aand LE soil, PLAXIS automatically sets
the interface stiffness and strength, which disables any user
selection of interface behaviour. The most recent implemen-
tation is not fully verified for the case of mass-displacement
induced lateral pile deflections. A numerical verification was,
therefore, conducted to compare the response of an EB pile
and a volume pile (VP) in a LE model.

The numerical 3D model for comparison of the VP and the
embedded pile is presented in Fig. 2. The domain of the model
is 4 m wide and 60 m long and has a depth of 35 m. Approxi-
mately 270 000 10-noded tetrahedrons are used to mesh the
domain with a refined zone starting 2.5 m before until 2.5 m
after the existing pile. At the receiver end an existing square
concrete pile (w = 275 mm) with a stiffness E of 30 GPa is pre-
installed in an LE soil with a Poisson’s ratio of 0.499 and a
shear modulus G of 3 MPa.

The existing pile is placed 15 m from the source of the soil
displacements and is 30 m long. The pile displacement is sim-
ulated at the left side (source) of the domain by a horizon-
tal expansion of a volume cluster that is 1 m wide and 30 m
deep. Finally, two vertical cross sections, L1 and L2, are de-
fined 0.5 m in the y-direction and ± 0.5 m in the x-direction
from the pile, to monitor the displacement in the soil close
to the pile.
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Fig. 2. Numerical model to compare the response of a volume pile and an embedded beam.

Fig. 3. Deflection of embedded beam (EB) and volume pile (VP) compared to greenfield displacements (GF) at the location of
the existing structure: (a) free pile; (b) laterally fixed pile.

Figure 3 shows that the EB predicts, for the numerical mod-
elling approach considered, similar deflection behaviour as
the VP when using a fixed or a free moving pile head as
boundary condition. Furthermore, the displacements of the
soil surrounding the pile in the case of a laterally fixed pile
head are presented in Fig. 4. Also in this case, the soil dis-
placements are largely similar when comparing the response
from the VP and the EB.

The numerical verification shows that the use of EB ele-
ments is warranted for modelling the existing foundation in
the problem at hand. Consequently, in the following only EB
will be used to model the piles below the existing structure.

3. Response of an existing piled
structure

3.1. Parameterised model
A parameterised numerical model was created for the sys-

tematic investigation of the impact of an existing piled struc-

ture on the displacement field surrounding it. A schematic
illustration is presented in Fig. 5. The pile installation is
modelled at the centre of the domain, along the symme-
try plane, by prescribing horizontal strains corresponding
to the added pile area � along the full length of the in-
stalled pile Li. The existing piled structure is placed at a dis-
tance D from the installed pile and consists of several EBs
with length Lex. The EBs are placed in a square grid, with a
centre-to-centre spacing ctc connected to a horizontal plate.
Side b is directed along the symmetry plane, whilst side w
is in the perpendicular direction. Horizontal displacements
in the normal direction are fixed on the vertical bound-
aries for the soil and structural elements. A typical mesh
of the parameterised model is presented in Fig. 6 and con-
sists of ca. 274 000 10-noded tetrahedrons. The unstructured
mesh is refined in a larger section containing both the exist-
ing piled structure and the newly installed pile group. Ad-
ditional refinements are defined around the existing piled
structure and the newly installed pile group. The parame-
terised model shown in Fig. 6 utilises half symmetry and
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Fig. 4. Soil displacements in the vicinity of the fixed pile using the embedded beam (EB) and a volume pile (VP) compared to
greenfield displacements (GF) at the same location: (a) soil displacement: L1; (b) soil displacement: L2.

Fig. 5. Schematic illustration of the numerical model.

the rectangular domain has sides S1 = S, S2 = 2S, and a soil
depth d.

The soil is modelled with a LE model using model param-
eters that capture the undrained soil response of a typical
natural soft clay from Gothenburg, Sweden, see Table 1. The
slightly overconsolidated clay has a linearly increasing stiff-
ness with depth and the Poisson’s ratio is chosen to obtain
near constant volume response. Furthermore, an equivalent
K0T = 0.85 for total stress is derived from the measured K0

= 0.6 for Gothenburg conditions. The basic model parame-

ters for the structural elements are specified in Tables 2 and
3 for the EB and plate, respectively. These tabulated model
parameters will be used in the following simulations unless
otherwise specified. The connection between the plate and
the EB is modelled as a pinned support.

3.2. Greenfield displacements
Prior to investigating the impact of the existing founda-

tion, the behaviours of the GF soil displacements from the
installation of the pile group as predicted by SSPM and FEM
are compared. Sagaseta and Whittle (2001) show that SSPM
produces a non-dimensional relationship for the GF displace-
ments δGF in the radial r and vertical z directions as a func-
tion of the pile area � and installed pile length Li: δGFπLi

�
=

f
(

r
Li
, z

Li

)
. This unique relation is valid for an infinite half-

space. A stiff bottom at a finite depth, however, will alter the
solution, thus introducing an additional dependency term

which is
(

d
Li

)
. Additionally, a dependency has been found on

the extent of the soil deposit in the horizontal direction ( S
L ).

The influence of the horizontal extent of the domain can ei-
ther reflect a soft soil deposit contained by, for example, rock
or the boundary of a numerical or experimental model. As
such, a new dimensionless relation where the influence of
a soil deposit with finite dimensions has been included can

now be formulated as: δGFπL
�

= f
(

r
Li
, z

Li
, d

Li
, S

Li

)
.

The non-dimensional displacements are presented in Fig. 7.
Figure 7a shows the results from five simulations with vary-
ing � and Li according to the values reported in Table 4. The

results show that the relation δGFπLi
�

= f
(

r
Li
, z

Li

)
proposed by

Sagaseta and Whittle (2001) holds for the numerical cavity
expansion method used for the installation method for the
pile group. The influence of d/Li is shown in Fig. 7b. The ar-
rows represent the order of the datasets as specified in the
textbox; i.e., the reduction in the d/Li ratio leads to lower hor-
izontal and higher vertical displacements at a specific loca-
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Fig. 6. Full numerical model and detail showing the installed pile and existing foundation.

Table 1. Soil properties.

Material type Drainage type γ (kNm−3) ν (−) Eu (kPa) Eu, inc (kPam−1) K0T (−)

Linear elastic Undrained C 16 0.499 5625 506 0.85

Table 2. Embedded beam properties.

Material type γ (kNm−3) A (m2 ) E (GPa) EA (kN)

Linear elastic 8 0.07563 30 2.269 × 106

tion. Figure 7c shows the strong influence of the horizontal
extent of the soil deposit in which the pile is installed. The
arrows represent the order of the datasets as specified in the
textbox; i.e., the increase in the S/Li ratio leads to vertical and
horizontal displacements at a specific location. The radial dis-
placements are approaching zero at the domain edge, which
lead to larger vertical displacements from the constant vol-
ume assumption. In summary, the SSPM and FEM predictions
of the GF displacements, although not identical due to the
boundary effects, predict comparable order of magnitude and
influence of the dimensionless group, accounting for relative
location.

3.3. Influence of an existing piled structure
As an initial step, the displacement field of a reference con-

figuration for the existing structure and its foundation were
computed to give insight into the displacement behaviour
from nearby pile installation. The details of this configura-
tion (Fig. 5) are specified in Table 5.

Figure 8 shows the computed displacements with (F) and
without (GF) existing structure in the radial and vertical di-
rection along the symmetry plane. The impact of the existing
structure, denoted F, on the results is plotted as the change
in displacements relative to the GF displacements as (δF −
δGF)/δGF. Figures 8c and 8d show that the distribution of soil
displacements is significantly impacted by the presence of
an existing foundation (indicated by the grey frame super-
imposed on the contour plot). The radial displacements are
lower in the front and enclosed part of the foundation com-
pared to the GF situation. In contrast, the displacements are
larger than the GF displacements at a large distance towards
depth and behind the foundation. The vertical component of
the displacements is strongly influenced by the pile founda-

tion, where the soil enclosed by the foundation experiences
reduced displacement magnitudes. The exception is that the
vertical displacements near the lower (resisting) part of the
pile move upwards relative to the GF displacements.

The displacements of the slab and edge piles in the pile
row closest to the symmetry boundary of the structure are
presented in Fig. 9. The displacements are scaled with a fac-
tor of 20 000. Figure 9a shows that the vertical displacement
in the front pile is smaller for the upper part, in contrast to
the lower part, when compared to the GF situation. The ver-
tical displacement is upwards for the pile while being down-
wards in the GF situation. The horizontal displacements are
very similar for most of the lower part of the pile. However,
in the upper part of the pile, see Fig. 9b, the GF displacements
and deflection of the foundation are different in the hori-
zontal direction. This is because the foundation slab approx-
imately displaces as a rigid body in its stiff horizontal direc-
tion. Therefore, the front pile is held back and the back pile
is pushed forward relative to the displacement of the lower
part of the pile. The magnitude of the displacements in the
centre location of the slab are nearly identical for both the
foundation and the GF situation.

4. Parametric study on restraint effects
The detailed investigation is used to establish a group of

response parameters (see Table 6) to quantify the response
of the existing structure for subsequent parametric study of
different foundation configurations as depicted in Fig. 5. The
response parameters at the receiver are derived based on the
displacements δ and deflection � for the slab and the pile,
as elaborated in Figs. 10a and 10b. The vertical relative re-
straint rz, F and horizontal relative restraint rx, F quantify to
what extent the displacement of the existing foundation de-
viates from the GF displacement at the same location. The
mobilisation of axial strain in the pile εa is related to the axial
load in the pile N as εa = N

A . The curvature κ can be directly
related to the moment in the structural member by κ = M

EI .
As shown in Fig. 7a, no inflexion points are present in the
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Table 3. Plate properties.

Material type γ (kNm−3) h (m) ν (−) E (GPa) D (kN m2 m−1) EA (kN)

Linear elastic 24 0.3 0 30 8.1 × 105 9 × 106

Fig. 7. Non-dimensional surface displacements due to pile installation; δGFπLi
�

= f
(

r
Li
, z

Li
, d

Li
, S

Li

)
: (a) δGFπLi

�
when d/Li = 2.5 and S/Li

= 5; (b) influence of d/Li; (c) influence of S/Li. SSPM, shallow strain path method; FEM, finite element method.

Table 4. Finite element simulations for investigating the non-dimensional group: δGFπLi
�

= f
(

r
Li
, z

Li

)
.

Run 1 2 3 4 5

Aini (m2 ) 0.25 0.25 0.25 0.25 1

Li (m) 40 60 80 40 40

εh (%) 15 15 15 30 15

� (m2) 0.0756 0.0756 0.0756 0.15 0.30

distribution of vertical displacements for the slab, thus the
deflection ratio of the slab DR is defined over the full founda-
tion width. For slender piles, buckling is a failure mode that
needs to be considered. The deflection ratio over a buckling

length DRpile should be quantified, to estimate the axial ca-
pacity reduction due to the bent shape of the deformed pile.
The buckling length of the pile Lc is directly proportional to
the stiffness of the pile and lateral support stiffness k of the
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Table 5. Geometrical configuration for existing foundation in illustrative case (see
Fig. 5).

Li (m) � (m2 ) D (m) Lex (m) ctcx (m) ctcy (m) b (m) w (m)

60 0.0756 20 60 3 3 18 21

Fig. 8. Pile installation induced displacements in greenfield conditions (GF) and the relative change of horizontal displacement
due to an existing piled structure (F). The existing piled structure is indicated by a grey box: (a) horizontal GF; (b) vertical GF;
(c) horizontal influence of foundation; (d) vertical influence of foundation.

Fig. 9. Deflections of existing structure from nearby pile installation: (a) complete foundation; (b) close-up of slab–pile connec-
tion.
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Table 6. Response parameters.

Symbol (unit) Definition Name

rz, F (−) δz,GF−δz,F
δz,GF

Vertical relative restraint

rx, F (−) δx,GF−δx,F
δx,GF

Horizontal relative restraint

DR (−) �z/b Deflection ratio over foundation width

DRpile (−) �x, c/Lc Deflection ratio over buckling length

Tilt (−) δstart−δend
b Tilt

κ (m−1) 1/R of a circle connecting three neighbouring points in distribution of δ Curvature of slab/pile

εa (%) Axial strain in pile

Fig. 10. Definition of normalised response parameters for the parametric study. (a) Surface; (b) depth.

Table 7. Details of the parametric study on the relative pile
length and relative distance between the existing structure
and newly installed group.

Li (m) D (m) Lex (m)

40, 60, 80 10, 20, 30, 40, 50, 60, 70, 80 40, 60, 80

soil, i.e., Lc = π (EI/k)1/4 (e.g., Poulos and Davis 1980). In this
work k is empirically linked to the undrained stiffness Esoil

using two correlations commonly used in Gothenburg, i.e.,
k = 80cu in which cu = Esoil/375. The parametric study is di-
vided into two parts: Li, Lex, and D are investigated first, prior
to studying the influence of ctc, foundation area, Esoil, Epile,
and Eslab.

4.1. Distance from source and pile length
The influence of relative distance and relative pile length,

between the installed pile (group) and existing structure, are
studied by varying D, Li, and Lex. All other model parameters
and properties are kept constant, as specified in Tables 1, 2,
and 3. The study was conducted by computing the results for
all possible configurations shown in Table 7. The responses of
the foundation slab are presented as contours in Fig. 11. The
horizontal axis in the plot represents the relative distance be-
tween the installed piles (source) and existing structure (re-
ceiver) Li/D and the vertical axis represents the relation be-

tween the pile length in the existing Lex and newly installed Li

foundations (Li − Lex)/Li. This layout was inspired by Dias and
Bezuijen (2015), who studied displacements of existing deep
foundations due to tunnelling. The mean horizontal and ver-
tical restraints of the slab are presented in Figs. 11b and 11a
and are based on the sum of restraints along the width of the
slab. The horizontal restraint shows that the displacement of
the slab is very close to the mean GF displacements on the
surface along the location of the slab. In contrast, the verti-
cal restraints are above 0 for all foundation configurations
and increase with an increased Li/D and (Li − Lex)/Li.

The influence of the piled structure on the deflection ratio
and tilt of the slab is shown in Fig. 12. For these two response
parameters, the results for the individual Li had to be sepa-
rated, indicating that the response is not fully normalised by
Li/D and (Li − Lex)/Li. The DRF/DRGF increases in regions with
a higher rz, F (Fig. 11a) and decreases in regions with very low
rz, F. The tilt in most configurations, decreased with an exist-
ing structure present, but shows an increase for Li of 60 and
80 m and L/D ≈0.5 and (Li − Lex)/Li.

The front pile closest to the symmetry axis is chosen to
study the response for the existing piles, as the middle edge
piles are most representative for the system response. De-
tailed analyses should be performed in situations where piles
in other locations of the group, especially the corner piles, are
of importance. The results from the analyses are presented
in Fig. 13. The vertical relative restraint rz, F, see Fig. 13a, in-
creases with the distance from the installed pile group and
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Fig. 11. Influence of geometry on the displacements of the slab of an existing foundation (F) relative to the greenfield (GF)
displacements from pile installation. (a) Relative vertical restraint (rz,F), (b) relative horizontal restraint (rx,F).

Fig. 12. Influence of geometry on the tilt and deflection ratio of the slab of an existing foundation (F) relative to the greenfield
(GF) situation: (a) TiltF/TiltGF (−), Li = 40 m; (b) DRF/DRGF (−), Li = 40 m; (c) TiltF/TiltGF (−), Li = 60 m; (d) DRF/DRGF (−), Li = 60 m;
(e) TiltF/TiltGF (−), Li = 80 m; (f) DRF/DRGF (−), Li = 80 m.
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Fig. 13. Influence of geometry on pile response for piling induced displacements: (a) vertical relative restraint; (b) horizontal
relative restraint; (c) normalised maximum axial strain; (d) normalised maximum deflection ratio; (e) normalised location of
maximum axial strain; (f) normalised maximum curvature.

also increases with the length of the existing piles. The hor-
izontal relative restraint rx, F, see Fig. 13b, is below 1, indi-
cating that the pile is held back compared to the GF dis-
placement. rz, F decreases with the increased distance from
the installed pile. Figure 13c shows that the axial strain εa

in the pile normalised with the restrained vertical displace-
ment δz, GF − δz, F is decreasing with an increasing distance
from the installed pile. The location of the εa, max normalised
with Lex is presented in Fig. 13e. These maximum values is
located in the bottom 2/3 of the pile for all intermediate con-
figurations, while the location is near the top of the pile for
relatively long and short existing piles. The DRpile of the front
pile is normalised with the horizontal displacement differ-
ence δx, GF − δx, F, to study the effect in relation to the restraint
(i.e., independent of the decreasing displacements with in-

creasing distance from the foundation) (see Fig. 13d). The ra-
tio ranges between 0.16 and 0.21 and decreases with the in-
creased distance from the installed pile. The curvature κx of
the front pile is, similar to DRpile, normalised with the hor-
izontal displacement difference δx, GF − δx, F and ranges be-
tween 0.06 and 0.11. Smaller values are found at an increased
distance from the installed pile group, (see Fig. 13f).

4.2. Foundation stiffness
The second part of the sensitivity study focuses on the in-

fluence of the number of piles, the pile stiffness, the slab stiff-
ness and the size of the existing foundation. The range of the
stiffness parameters studied are summarised in Table 8, and
the foundation geometry and the pile spacing are presented
in Table 9. The ratio between the stiffness in the soil at the
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Table 8. Parameter range for the influence study on foun-
dation stiffness.

Epile (MPa) Esoil (MPa) Eslab (MPa)

(8.63–6) × 105 2.8–56.25 (0.3–6) × 106

Table 9. Parameter range for the influence study on foun-
dation geometry.

ctcx (m) ctcy (m) b (m) w (m)

1.5–18 1.5–18 9–27 10.5–31.5

surface and the stiffness increment towards depth are kept
constant for the parametric study. Although not representa-
tive of any practical stiffness of an existing foundation, the
cases where the stiffness of either the pile or the slab is sub-
stantially lower than the soil stiffness are included. The lat-
ter, respectively, represent the limiting cases of a slab without
piles and a pile group without a slab.

The parametric study shows that the response of the sys-
tem is identical when the relative stiffness between the
soil and the pile Esoil/Epile and between the soil and the
slab Esoil/Eslab are kept constant, which is in line with other
geotechnical SSI problems (e.g., Muir Wood 2004). The in-
fluence of the stiffness and geometry of the foundation on
the response of the foundation slab is shown in Fig. 14. In
this figure the relative stiffness between the pile and the soil
Esoil/Epile, the relative stiffness between the soil and the slab
Esoil/Eslab, the centre-to-centre distance of the piles in both di-
rections ctcx and ctcy are varied, while keeping the dimen-
sions of the foundation constant at b = 18 m, w = 21 m. In
addition, the impact of an increased surface area for the foun-
dation is investigated, whilst keeping the ctcx and ctcy to 3 m.
The parameterised study generally indicates a limited effect
from the mean relative horizontal restraint. The mean rel-
ative vertical restraint is strongly influenced by the stiffness
ratio Esoil/Epile, as shown in Fig. 14a. The influence of pile stiff-
ness, however, is secondary to the main effects of the relative
distance and the pile length, as highlighted in Fig. 13a.

The tilt and deflection ratios are largest for intermediate
stiffness ratios. The relative stiffness between the soil and the
slab, see Fig. 14b, has a limited influence on the mean relative
vertical and horizontal restraint, while showing a strong in-
fluence on the tilt and deflection ratio of the slab. Increasing
the number of piles impacts all response parameters for the
slab, except the horizontal restraint (Fig. 14c). A decrease in
individual pile efficiency with an increasing number of piles
is observed, i.e., the vertical restraint increases linearly with a
tenfold increase in the number of piles. The increase in foun-
dation size strongly influences the rz, F, whereas the other pa-
rameters are only moderately influenced (Fig. 14d).

The influence of the relative stiffness between the pile and
the soil Esoil/Epile and the relative stiffness between the soil
and the slab Esoil/Eslab on the response of the front pile in the
existing pile group are presented in Figs. 15a and 15b. The ver-
tical restraint is strongly linked to the relative pile stiffness,
whereas the influence of the slab stiffness is limited. In con-

trast, the horizontal restraint shows the opposite response,
where a strong influence is found for the relative soil and slab
stiffness. Furthermore, the horizontal restraint is not much
affected by the relative soil and pile stiffness. Thus, the in-
fluence on the horizontal displacement field from the pile
installation can almost completely be attributed to the pres-
ence of an existing shallow slab, whereas the influence on
vertical displacement is strongly linked to the stiffness of the
piles below the slab.

The influence of the number of piles in the existing pile
group, whilst keeping the foundation area constant (b =
18 m,w = 21 m), is plotted in Fig. 16b. The results indicate
an increase in vertical restraint with an increased number
of piles. Simultaneously, the efficiency of each pile decreases
with additional piles. κx and εa also decrease, indicating a
lower force acting in each pile. Figure 16a shows the influ-
ence of changing the foundation area while keeping ctcx and
ctcy constant at 3 m. The results show that the increase of
foundation area is increasing the vertical restraint. A similar
trend is also shown in Fig. 14d. Furthermore, the horizontal
restraint of the existing structure is strongly affected by the
size of the foundation. The difference between the mean dis-
placement of the slab and the displacement at the location of
the front pile increases as a function of the size of the foun-
dation.

The data in Figs. 14, 15, and 16 can be combined with the
modification factors for the problem geometry, i.e., Fig. 13,
to include deviations in foundation properties from the ref-
erence case.

5. Application of the non-dimensional
results

The use of the non-dimensional charts to predict the de-
formations of the first pile in an existing pile group due to
nearby piling is elaborated in the following example. For sim-
plicity, the same properties are used for the existing pile, slab
and soil as the case presented in Fig. 9.

A group of 50 displacement piles with a length Li of 40 m
and a cross-sectional area of 0.1 m2 are installed adjacent
to an existing structure on a deep foundation. The existing
foundation has a spacing between the 40 m long piles of 3 m
with a foundation area of 20 × 20 m2 . The soft clay deposit
has a consolidation coefficient cv = 5 × 10−7 m2 s−1 and the
piles are installed at a rate > 10 mh−1. The corresponding nor-
malised penetration velocity becomes ≈2000, which is larger
than the limit value for an undrained system response of 20.
The centre of mass of the new pile group is located 20 m from
the closest edge of the existing building. For simplicity, the
50 displacement piles are grouped into one pile located in the
centre.

The displacements are estimated from Fig. 7a with the total
area of the piles � = 50 · 0.1 = 5 m2 . The average movement
of the existing foundation is based on the average GF move-
ment from the front and back end of the slab. The front end is
located at a normalised position of r/Li = 20/40 = 0.5, which
gives a δr = 1.05·5 m2

40 mπ
= 4.2 cm, and a δz = 0.44·5 m2

40 mπ
= 1.7 cm.
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Fig. 14. Influence study on the slab response due to piling-induced displacements. The cross indicates the results from the
reference configuration as illustrated in Section 3.3: (a) relative stiffness between soil and pile; (b) relative stiffness between
soil and slab; (c) number of piles; (d) foundation size.

The back end is located at a normalised position of r/Li =
20/40 = 1, which gives a δr = 0.43·5 m2

40 mπ
= 1.7 cm, and a δz =

0.14·5 m2

40 mπ
= 0.6 cm.

The restraint in the horizontal direction of the front pile
is calculated as the difference from the mean movement of
the slab to 4.2 cm − 4.2 cm+1.7 cm

2 = 1.25 cm. Figure 13a with (Li

− Lex)/Li = 0 and Li/D = 0.5 gives a relative vertical restraint
of 0.6, which result in a vertical movement of 0.6 · 1.8 cm −
1.8 cm = −0.72 cm. Following from the restrained horizon-
tal movement in the top of the pile head, the curvature of
the existing pile is estimated from Fig. 13f to 0.08 · 1.25 cm
= 0.001 m−1. The axial strain is estimated from Fig. 13c com-
bined with the restrained vertical movement to 2.5 % m−1 ·
−0.72 cm = 0.018%. The moment is calculated as M = κEI =
0.001 · 30 GPa · 4.78 × 10−4 m−4 = 14.3 kNm. The maximum
axial tensile force are calculated by the formula F = AεE =
0.076 m2 · 0.00018 · 30 GPa = 567 kN and is located at a depth
of about 0.75 · Li = 30 m following Fig. 13e.

6. Conclusions
The impact of nearby piling on existing piled structures

has been investigated with the focus on finding modifi-
cation factors to incorporate SSI into predicted (or mea-
sured) displacement fields in GF conditions. A simplified
parameterised three-dimensional FE model was created to
systematically study the effect of various newly proposed
(dimensionless) factors of the new and existing pile group
and their impact on the displacement field and structural
response.

The results show that the distribution of soil displacements
is altered due to the presence of an existing structure, com-
pared to a GF situation, thus highlighting the need to account
for SSI when analysing the response of existing structures.
In general, an existing foundation slab is shown to be dis-
placed with a uniform horizontal displacement equal to the
mean GF displacements at the location of the slab. Pinned
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Fig. 15. Influence study on the pile response due to piling-induced displacements. The cross indicates the results from the
reference configuration as illustrated in Section 3.3: (a) relative stiffness between soil and pile; (b) relative stiffness between
soil and slab.

Fig. 16. Influence study on the pile response due to piling-induced displacements. The cross indicates the results from the
reference configuration as illustrated in Section 3.3: (a) influence of foundation size for a constant ctc between piles of 3 m; (b)
influence of number of piles for a foundation with constant size of 18 × 21 m2.
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pile heads follow the slab, whereas the lower part of the
pile follows the movement of the surrounding soil, which
leads to large horizontal deformations in the upper part of
the pile.

A parametric study was conducted as a first step towards
finding a set of generalised modification factors relating the
GF movement to the response of an existing piled structure.
Restraint factors that normalise the difference between dis-
placements in GF conditions and the response with an ex-
isting structure have been proposed. These restraint factors
can be uniquely linked to the ratio of the newly installed
pile length Li and distance D between the new and existing
pile group Li/D and the normalised difference in length be-
tween the newly installed and existing pile Lex, i.e., (Li − Lex)/Li

(Fig. 13).
The parametric study further shows that:

– Existing piles restrain the vertical displacements of exist-
ing foundations. In contrast, the impact of the pile on the
horizontal displacement of the existing structure is lim-
ited.

– A foundation slab restrains horizontal displacements with-
out substantially influencing the vertical displacements.

– The deflection ratio and curvature of existing piles is
strongly linked to the horizontal restraint of the pile
head.

– The mean relative vertical restraint of the foundation slab
is strongly influenced by the foundation size and spacing
of piles while the influence on the slabs relative horizontal
restraint is limited.

In addition to the influence of the existing foundation, the
depth and horizontal extent of the soil deposit were found
to influence the magnitude of the GF displacements from
pile installation. The non-dimensional response proposed by
Sagaseta and Whittle (2001) should be modified to consider
the size of the considered domain in situations where the as-
sumption of pile installation into an infinite half-space is not
applicable.

In conclusion, the charts that summarise the results of this
study are considered as a starting point for relating the GF
displacements to the response of existing piled structures, us-
ing modification factors. The modification factor approach is
not intended to fully replace a detailed case specific analysis,
rather they are intended to aid the early design process, as
well as give asset owners the tools to evaluate the impact of
piling works.
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