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A B S T R A C T

This paper presents novel measurement data on the dynamic soil–structure interaction of an end-bearing pile
foundation. The purpose is to assess the ability to predict the foundation impedances based on the small-
strain properties of the soil obtained from site investigations. Measurements were performed in two stages of
construction, allowing to assess interaction between the piles through the soil. First, single pile impedances
and interaction factors between the piles were experimentally obtained for the four piles when they were
free to move at the surface. Second, the impedances of the square pile group were measured after casting a
concrete pile cap. The piles were additionally instrumented with accelerometers at depth along the centerline
of each pile, allowing to illustrate the global behaviour of the piles within the soil. Numerical predictions
based solely on information of the small-strain soil properties obtained from extensive site investigations are
compared to the experimental results. The impedances of the individual piles are overestimated compared
to the measurements, while the interaction factors show a better agreement. The pile group impedances are
better captured than the individual ones, using the same soil model. The pile–soil–pile interaction is clearly
manifested in the experimental results by pronounced peaks in the pile group vertical impedance, validating
results from previous numerical studies.
. Introduction

Dynamic soil–structure interaction can have an important influence
n the dynamic structural response for applications in earthquake
ngineering, railway bridge dynamics, machine foundation design and
nvironmental vibration assessment. In Sweden, the geological con-
itions generally consist of clay, silt or sand overlaying a densely
ompacted moraine (till) and crystalline bedrock. Formations of co-
esive soils are often found in the more densely populated regions
nd major cities. These site conditions motivate the use of driven end-
earing piles for foundation design, where prefabricated concrete piles
re predominantly used [1,2].

Under the assumption of small deformations in the soil, soil–stru-
ture interaction can be modelled using a linear elastic model, which
llows for separation of the soil-foundation system from the overlying
tructure in a substructuring scheme [3]. The interaction between the
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foundation and the soil can be condensed into dynamic impedance
functions, characterising the effective stiffness and damping of the soil-
foundation system that can subsequently be coupled to an overlying
structure. The computation of the dynamic impedance functions of pile
foundations from analytical and numerical models have been exten-
sively treated in the literature, showing the significant influence of the
interaction between piles through the soil. However, there is lack of
experimental evidence of the validity of models of end-bearing piles
and pile groups in shallow formations of soils over bedrock, where
the distribution of pile displacements differ from the case of floating
piles and layer resonances can influence the dynamic response. Existing
modelling strategies to obtain the impedances of pile foundations in-
clude simplified models providing approximate pile group impedances
by superposition of pile–soil–pile interaction factors [4–8], hidden
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state variable models [9], Beam-on-dynamic Winkler foundation ap-
proaches [10,11] as well as more rigorous solutions using boundary
integral, boundary- and finite element model formulations [12–14].
Models have facilitated the analysis of the dynamic behaviour of piles
and pile groups, and led to a deeper understanding of the factors
influencing the dynamic impedances of piles and pile groups. Gazetas
and Makris [15] demonstrated that the main features of pile–soil–pile
interaction that influence the vertical and horizontal [16] impedances
of pile groups are governed by the pile-to-pile spacing and the small-
strain properties of the soil, resulting in a dramatic increase in group
stiffness and damping values at certain frequencies. It was also shown
that the variation of soil properties with depth can substantially influ-
ence the predicted group impedances as it influences the wave field
generated by the excited piles. Therefore, an accurate representation
of the soil is crucial for the prediction of the dynamic foundation
impedances. Padrón et al. [13] used a coupled finite element-boundary
element model to present a set of dynamic impedance functions for
end-bearing pile groups and a comparison to their floating counterpart
for square foundations with 2 × 2 and 3 × 3 vertical and battered
piles in homogeneous soil deposits. The presence of bedrock was shown
to influence the dynamic vertical and rotational impedances of the
pile groups substantially, especially for soft soils, while the horizontal
impedance was only significantly affected for configurations where
piles were inclined.

To confide in the results derived from models, validation by ex-
periments is necessary. A number of experimental studies have been
performed under field conditions to validate numerical predictions
of the response of floating single piles [17–21] and pile groups in
cohesive [22–27] and non-cohesive soils [28–32]. The majority of
the experimental studies in the literature have been focused on the
excitation and response in the lateral direction and only a handful of
experimental results have been presented for the vertical response of
pile groups. Novak and Grigg [33] performed experiments on single
piles and 2 × 2 pile groups driven in a soil consisting of silty sand and
till to analyse the response due to both vertical and lateral excitations.
Variation of the soil’s shear modulus with depth and the floating
condition at the pile tip were found to be important factors to take into
account when comparing the measurements to results obtained from a
numerical model. Manna and Baidya [34] performed an experimental
study on the non-linear vertical response of cast in situ piles and a
2 × 2 pile group and compared the results to numerical simulations
using an equivalent linear approach with a weakened boundary zone
closest to the piles, finding a reasonable agreement. Capatti et al. [35]
performed extensive dynamic testing to characterise the translational
and rotational response of a 2 × 2 pile foundation with inclined
steel micropiles in an alluvial silt subjected to different amplitudes of
dynamic loading. The piles were instrumented with strain gauges and
the natural frequencies of the system and the deformation of the piles
were found to be influenced by gapping of the most superficial soil,
induced by the high amplitude dynamic loads. In a series of small-scale
laboratory experiments in a sand [36–39], lateral pile–soil–pile interac-
tion and pile group impedance were studied, considering the influence
of non-linear loading conditions. Interaction factors were established
for different load amplitudes and compared to linear theory. Dezi et al.
[40] measured the response of three large-diameter steel pipe piles
installed at a near-shore location in a marine clay when subjected
to controlled impact loading, allowing to characterise the interaction
between the piles through the soil under field conditions.

In the aforementioned experiments, interaction effects associated
with a group stiffness larger than the sum of the stiffnesses of the
individual piles are either expected to occur outside the considered
frequency range or were not discussed. Therefore, there is a need to
experimentally verify, in a full scale setting, the existence of these
interaction phenomena predicted by theory. Moreover, while numeri-
cal results for end-bearing piles and pile groups have been presented
2

in the literature [13,41], to the best of the authors’ knowledge, no
experimental studies have been published where a complete set of
dynamic impedance functions is presented for an end-bearing pile
foundation.

This paper presents the results from an extensive experimental
measurement campaign of the dynamic response and impedances of a
full scale concrete foundation supported by pre-cast impact driven end-
bearing concrete piles installed in a soft clay deposit. The objectives
of this paper are twofold. First, to present measurement data on the
small-strain dynamic pile–soil–pile interaction and the impedances of
end-bearing impact driven concrete piles and a pile group under typical
Swedish soil conditions. The novelty of the experiments consists in the
specific foundation and site conditions, where a full scale end-bearing
pile foundation in soft clay is considered, and the extensive set of
measurements performed during different stages of construction of the
pile group, allowing to analyse the interaction between the piles and to
verify its influence on the dynamic properties of the pile group experi-
mentally. Second, to assess the ability of a linear elastic soil model to
predict the dynamic characteristics of the soil-foundation system, using
the small-strain soil properties obtained from site investigations. Here,
it should be emphasised that a design condition has been considered.
The numerical predictions are obtained from a model based solely on
the performed soil investigations. No attempt to update this model
to better match the experimental results has been performed. This
corresponds to a class A prediction in accordance with the classification
of predictions in geotechnical engineering proposed by Lambe [42].

The structure of the paper is as follows. Section 2 gives an overview
of the test site and the identified small-strain properties at the site.
Section 3 motivates and describes the design of the pile group. Section 4
presents a finite element model of the soil-foundation system. Section 5
presents the equipment, experimental setups and the post-processing of
the measurements. Section 6 thereafter presents the dynamic responses
and impedances of the free-top piles and the pile group and compares
the measurements to numerical predictions. Section 7 concludes the
paper.

2. Test site

2.1. Site overview

The test site is located 40 km north of Stockholm, Sweden. The site
is a remotely located agricultural field that has not been cultivated for
more than ten years prior to the experiments. It was chosen because
of its particular stratification, with a soft clay underlain by till and
bedrock, the possibility to represent the soil using a horizontally lay-
ered soil model and that unlimited access to the site could be granted.
The soil conditions are representative for sites where impact driven
piles are used. Moreover, as the site is located in a remote location,
a minimum of environmental background vibration is present during
testing. Fig. 1 presents an overview of the site and two sections of the
soil interpreted from the site investigations, where the location of the
pile group is indicated.

2.2. Soil conditions and small-strain properties

Extensive geotechnical and geophysical site investigations have
been performed at the site. The geotechnical investigations consisted of
weight soundings, soil-rock probing, cone penetration tests (CPT) and
laboratory analysis of piston samples. The soil conditions at the site
consist of 1 m dry crust clay followed by homogeneous gray, slightly
varved clay with infusions of sand and silt up to 4.9 m depth where
a sandy gravelly till overlays the bedrock to a depth of 7.4 m. The
small-strain properties of the soil have been determined from in situ
wave speed measurements by seismic cone penetration tests (SCPT) and
spectral analysis of surface waves (SASW) performed at the location
where the pile group is constructed. In addition, bender element tests

have been performed on clay piston samples collected at the location
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Fig. 1. Overview of the site with (a) an aerial photography [43] with the location of the pile group indicated and (b) two sections with the stratification interpreted from
geotechnical site investigations with a layering of dry crust clay (light gray), saturated soft clay (medium gray) and till (dark gray) on top of a stiff bedrock.
Fig. 2. Small-strain dynamic soil properties estimated from bender element tests (□), SCPT (*), empirical correlation with CPT (black line) and SASW (green line). A representative
synthesised soil model (blue dashed line) taking into account the layer boundaries identified from soil/rock probing (dotted lines) is presented. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
where the pile group is constructed, to obtain estimates of material
wave speeds and damping ratios. Empirical correlation with a CPT
performed next to the point where the samples were collected has
also been considered. Fig. 2 presents the estimated small-strain soil
properties obtained from the different methods. A detailed description
of the site investigations and evaluation of the estimated properties
was given in Theland et al. [44]. The soil properties estimated using
different methods are consistent in the upper three meters, but the
deepest layer of clay is estimated to be stiffer by the SASW than by the
other methods. Due to the larger body of soil covered by the SASW test,
the spatial variability of the soil properties over the test area can affect
the estimated soil profile, explaining the observed inconsistency. As the
point wise investigations are in close agreement and were performed at
the location where the piles were driven, the properties derived from
these tests are considered as most reliable at this specific location.
Table 1 presents the properties of the profile synthesised from the
investigations that are used for modelling the soil.

3. Pile group design and installation

The pile group was designed to characterise a part of a foundation
system for a multi-storey building carrying loads from e.g. a column.
Therefore, vertical piles were used. The piles are pre-fabricated and
made out of reinforced C50/60 concrete with a square 235 × 235 mm
cross-section and equipped with steel toes, transferring the vertical
3

Table 1
Estimated small-strain soil properties based on dynamic site and laboratory
investigations.

Description Layer Depth ℎ 𝐶s 𝐶p 𝛽s 𝛽p 𝜌
[m] [m] [m∕s] [m∕s] [−] [−] [kg∕m3]

Dry crust clay 1 0.80 0.80 67 125 0.053 0.053 1880
Clay 2 1.73 0.93 126 1200 0.017 0.017 1570
Clay 3 2.78 1.05 77 1200 0.017 0.017 1720
Clay 4 4.87 2.09 90 1200 0.017 0.017 1780
Till 5 7.4 2.53 309 1654 0.033 0.033 2200
Bedrock 6 ∞ ∞ 2236 4156 0.010 0.010 2700

loads to the bedrock in compression. The piles are assumed to have
a density of 𝜌p = 2400 kg∕m3 and a Poisson’s ratio 𝜈p = 0.2. The
modulus of elasticity 𝐸p = 39 MPa was tuned based on the natural
frequencies obtained from an experimental modal analysis carried out
in the factory, where one of the piles was suspended in springs to
simulate free-free boundary conditions. The identified modulus agrees
with the tangent modulus specified by the manufacturer.

To allow for installation of sensors within the piles after driving
them at site, a cylindrical cavity was introduced along the center of
the piles. This was achieved by installing a 76 mm diameter plastic
pipe along the center line when casting the piles. The spacing between
the piles was chosen to be representative for design solutions while at
the same time highlighting the dynamic interaction between the piles,
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especially in the vertical and rotational modes of vibration that are
most affected by the end-bearing condition [13]. The pile–soil–pile in-
teraction depends on the wavelengths of body waves in the soil relative
to the separation distance between the piles [24,45]. In the literature,
normalization of the frequency and the pile separation is commonly
performed with reference to a pile diameter. The equivalent separation
to pile diameter ratio of the pile group with square section piles is
𝑠∕𝑑𝑒𝑞 = 5.15, with the equivalent diameter defined as 𝑑𝑒𝑞 = 2𝑏∕

√

𝜋
where 𝑏 is the cross-section side length and the separation distance
𝑠 = 1.365 m. For the soil conditions at the site, this situates the effects of
pile–soil–pile interaction within the frequency band 1–80 Hz, covering
the band of interest for environmental building vibrations [46].

The piles were installed at the site in February 2020 with a BANUT
550/Volvo EC280 impact pile driver with a fall-weight of 5 ton and
a fall-height of 20–30 cm. The piles were driven to a stop, with a
stopping criteria of 10 mm/10 impacts and were estimated to have
reached bedrock. An apparent inclination of the bedrock surface was
observed in the north-west direction as the piles came to a stop at
different depths, resulting in the piles reaching a depth of 6.3 m for
piles P2 and P3 positioned to the south-east and 5.6 m for P1 and P4
positioned to the north-west. This is either due to the natural variation
of the bedrock surface, or an indication of the presence of a boulder
where the piles were installed.

After performing measurements on the free-top piles, the pile group
was joined in a reinforced 2 × 2 × 0.85 m concrete pile cap. The cap
is assumed to have the same material properties as the piles. Contact
at the interface between the pile cap and the soil can influence the
dynamic response of the pile group [33,34,47]. The contact condition
between the cap and the soil can be difficult to model and in the case of
end-bearing piles in soft soil the cap can separate from the soil when
settlement takes place. Therefore, the pile cap was elevated 120 mm
from the soil’s surface to eliminate any interaction between the pile
cap and the soil.

4. Numerical model

Numerical simulations are performed using the finite element
method. The foundation and the soil are assumed to be linear elastic
and the problem can therefore be solved in the frequency domain.
The material properties of the soil are obtained from Table 1 and
material damping is introduced as hysteretic damping by modifying
the modulus of elasticity 𝐸∗ = 𝐸(1 + i2𝛽), with i2 = −1 defining
the imaginary unit and where the damping ratios in deviatoric (𝛽s)
and volumetric (𝛽p) deformation are implicitly assumed to be equal.
Fig. 3 presents the model geometry considered for the simulations.
The soil layers, piles and pile cap are modelled as a three dimensional
solid body. The pipes in the piles are considered as cylindrical cavities
introduced along the center line of the piles. Perfectly matched layers
(PML) are adopted in the region closest to the outer boundary of
the soil in order to attenuate any outgoing waves, representing the
extension to infinity. The thickness of the PML domains is 2 m and
the stretch functions proposed by Basu and Chopra [48] are applied
to effectively attenuate both evanescent and propagating waves. The
attenuation profile in the PML region is linear with scaling factors for
evanescent and propagating waves both equal to 10. The PML region
is discretized by quadratic hexahedra solid elements while quadratic
tetrahedra elements are used for the piles, the concrete cap and the soil
within the computational domain. The maximum prescribed element
size is determined such that a minimum resolution of five quadratic
elements per wavelength in the soil are present in the considered
frequency range, resulting in a minimum element size of 0.17 m in
the top soil layer. The mesh is verified to yield converged results in
the frequency range of interest. In the case where the pile group is
joined at the surface by the concrete cap, the symmetry of the problem
is exploited to reduce the computational effort.
4

Fig. 3. Section of the finite element model of the pile foundation. The layering of
the soil is indicated in colors with the layers of clay (brown), till (blue) and bedrock
(gray). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

5. Experimental setup

The experimental investigations were performed using two mea-
surement setups. The first setup considers the driven piles alone before
casting of the concrete cap. The accelerations of all piles are measured
when excitation is applied to each pile top. The measurements were
performed five months after the piles had been driven, allowing excess
pore pressures due to installation to even out. Measurements of only
the pile top’s responses were also conducted after two months. The
second setup concerns the measurement of translational and rotational
responses of the pile group. The tests were performed two months after
the pile top measurements and one month after casting of the concrete
cap.

5.1. Measurement equipment

The dynamic tests were performed with excitation from an impact
hammer of model Dytran 5803A IEPE with a mass of 5.5 kg. Accel-
eration of the pile tops and the pile cap were measured by means of
accelerometers of models PCB 393A01 and PCB 393B31. The response
measurements within the piles were performed using a Geotomogra-
phie DDS presented in Fig. 4(a), equipped with two stations with PCB
66332APZ1 accelerometers mounted in a triaxial arrangement. The
vertical spacing between the two stations is one meter. The equipment
was originally designed for down-hole and cross-hole measurements
where the coupling of the stations to the borehole is achieved by
pneumatic clamping, allowing an arbitrary number of measurement
points along each pile.

5.2. Setup 1: Pile tops

Fig. 5 presents an overview of the first setup where only the piles
are present. Each pile was instrumented with six accelerometers at the
top. Excitation was applied in the two horizontal directions at the same
height and on the opposite side to where the sensors were mounted.
Applying impacts at the top of the piles in the vertical direction in-
evitably produces a rotation of the pile cross-section as the piles cannot
be excited at the center of the cross-section due to the presence of the
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Fig. 4. Measurement equipment (a) Geotomographie DDS with pneumatic clamping of two triaxial measurement stations, (b) mounted in one of the piles together with PCB
393A01 accelerometers and (c) a Dytran 5803 A impact hammer.
Fig. 5. Measurement setup for the tests on the piles before the casting of the pile cap.
The numbering of the piles P1 to P4 are indicated on the side of each pile.

pipe. Therefore, the vertical impacts were applied as close as possible to
the center and the signals obtained from the four vertically orientated
sensors were averaged, aimed at cancelling the influence of cross-
sectional rotations. The setup further allows for obtaining the rotations
of the pile cross-sections from the vertical acceleration measurements.
In each test, a minimum of fifteen hammer impacts were applied in
the vertical and two horizontal directions at each pile. Measurements
at depth were performed by mounting the accelerometers within one
of the piles at the desired depth and applying impacts in the three
directions at the top of each one of the piles. This was repeated with the
sensors mounted in each one of the piles for all the depths considered.
For piles P1 and P4, two setups were performed at the depths (0.75 m,
1.75 m) and (2.75 m, 3.75 m) whereas for the longer piles P2 and P3
additional measurements at 4.75 m were performed, resulting in a total
of ten setups.

5.3. Setup 2: Pile group

Fig. 6 presents the instrumentation for the test performed on the
pile group. Seven accelerometers were installed on the pile cap with
five mounted in the vertical direction (𝑎1−𝑎5) and two in the horizontal
directions (𝑎6 and 𝑎7). The excitation was applied in the vertical direc-
tion by hammer impacts at position Fz1 to characterise the response
of the piles and the pile group due to a vertical load. Vertical impacts
were additionally applied at positions Fz2 and Fz3 to obtain the
rotational impedances of the pile cap around the horizontal 𝑥- and
𝑦-axis, respectively, assuming the pile cap to behave as a rigid block
in the frequency range of interest. Horizontal excitations were applied
along the two perpendicular horizontal axes, where the excitation and
measurement points were positioned at the mid height of the concrete
cap.
5

6. Results

From the impact tests, the frequency response functions are esti-
mated from multiple impacts using the 𝐻1 estimator, assuming the
input signal to be free of any noise [49]. The estimated acceleration
frequency response functions are integrated to receptances by division
with (i𝜔)2. The receptances at the pile tops and the pile cap are
subsequently inverted in order to obtain the impedances. The complex
valued impedance 𝑍𝑖𝑗 (𝜔) represents the dynamic stiffness and damping
of the foundation in the degree of freedom 𝑖 related to the displacement
or rotation in degree of freedom 𝑗 where the real part Re(𝑍𝑖𝑗 (𝜔)) repre-
sents the frequency dependent stiffness and inertia, and the imaginary
part Im(𝑍𝑖𝑗 (𝜔)) the damping.

6.1. Structural impedances of piles

Fig. 7 compares the experimentally and numerically obtained verti-
cal and horizontal impedances at the top of the individual piles. While
the experimentally determined impedances in the horizontal directions
are very similar for all the piles in the group, the vertical impedances
are different for the sets (P1,P4) and (P2,P3). This is due to the
difference in length of the piles, where the shorter piles P1 and P4 have
a higher stiffness than the longer ones. The horizontal impedances, on
the other hand, are not affected by the difference in pile lengths. This
is explained by the fact that the active length of a pile under lateral
excitation is shorter than the total length of the piles, and is therefore
almost unaffected by the depth of penetration into the non-cohesive
soil [41]. The numerically predicted impedances are overestimated in
both the vertical and horizontal direction. It should be noted that the
numerical model assumes a pile that extends to a depth of 7.4 m,
and therefore an even larger model error should be expected in the
vertical impedance if considering the bedrock positioned at the actual
pile lengths.

6.2. Pile–soil–pile interaction of free-top piles

The interaction between the piles in the group is illustrated by
relating the motion of the excited pile to the motion of the receiving
piles at the soil’s surface by the pile interaction factor defined as:

𝛼𝑖𝑗 (𝜔) =
displacement/rotation of pile 𝑖 due to a load at pile 𝑗
displacement/rotation of pile 𝑗 due to a load at pile 𝑗

(1)

The real and imaginary parts of the interaction factor describe the
amplitude and phase of the receiver pile relative to the displacement
or rotation of the loaded pile, which govern the dynamic interaction
effects in the pile group when joined together at the surface [4,15,16].
If the interaction factor is a purely positive or negative real number,
the receiver pile moves in- or out of phase with the excited pile, re-
spectively. This interaction between the piles gives rise to constructive
or destructive interference with the forced motion of each pile when
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Fig. 7. Real (top) and imaginary part (bottom) of experimental pile top impedances for piles P1 to P4 (black to light gray) compared to the numerically predicted impedances
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he group of piles is loaded through e.g. a rigid pile cap, resulting in
ither a reduction or increase in the dynamic group stiffness.

Fig. 8 presents the interaction factors for horizontal translation due
o a horizontal load (𝛼hh,𝑖𝑗), cross sectional rotations due to a horizontal
oad (𝛼h𝜃,𝑖𝑗) and vertical translations due to a vertical load (𝛼vv,𝑖𝑗). The
orizontal interaction factors are presented only considering the load
pplied to the piles in the 𝑥-direction and rotations measured around
he 𝑦-axis, with reference to Fig. 6. The experimentally obtained inter-
ction factors are compared to the ones obtained from the numerical
odel. The horizontal interaction factors are influenced by the position

f the receiver pile with respect to the direction of excitation, as it
overns the type of waves induced in the soil by the motion of the
xcited pile [16]. Therefore, the piles are categorised based on the angle

between the line of the two piles considered and the 𝑥-direction,
hich is the direction of horizontal excitation. In Figs. 8(b) and 8(c),

t is observed that the piles that are subjected mainly to longitudinal
aves, i.e. for which 𝜑 = 0◦, move out of phase at about 45 Hz. The
iles for which 𝜑 = 90◦ are mainly subjected to horizontally polarized
-waves that have a lower wave speed, and move out of phase with
he loaded pile at about 30 Hz. The diagonal pile pairs are subjected
o a combination of these two wave types and also move out of phase
or a frequency of about 30 Hz. Naturally, as the vertical load case is
ymmetric with respect to the considered values of 𝜑, it should have no
6

s

ignificant influence on the vertical interaction factors, which is verified
n Figs. 8(b) and 8(c).

The interaction factors obtained from the numerical model agrees
airly well with the experimental results. The amplitudes of 𝛼hh and
h𝜃 for the pile pairs where 𝜑 = 90◦ are overestimated, but the relation
etween the real and imaginary part, i.e. the phase, is well captured up
o about 55 Hz. The interaction factor 𝛼hh for the diagonal piles is on
he other hand quite well represented in amplitude, but slightly shifted
owards lower frequencies in the oscillations of the real and imaginary
arts. In all the horizontal and cross horizontal-rotational interaction
actors, the first three natural frequencies of the soil deposit can be
bserved as local peaks at 5, 14 and 26 Hz, which can also be observed
s dents in the pile impedances of Fig. 7(b).

The predicted vertical interaction factors 𝛼vv are similar in character
o the measured ones. However, a shift in frequency from 27 to 30 Hz of
he out of phase motion is observed when comparing the measurements
o the numerical predictions. For floating piles in a homogeneous
oil, this out of phase motion occurs at the frequency where the pile
pacing is equal to half the wavelength of horizontally propagating
ertically polarized S-waves [15]. This indicates that the effective S-
ave speed in the soil between the piles is slightly higher in the model.
easurements performed at depth due to the loads applied at the

urface allows to study the global motion of the group of piles in the
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Fig. 8. Real (solid lines) and imaginary parts (dashed lines) of pile interaction factors (black and gray) (a) 𝛼13 and 𝛼42, (b) 𝛼14 and 𝛼32 and (c) 𝛼12 and 𝛼43 of horizontal displacement
due to a horizontal load (top), cross section rotation due to a horizontal load (middle) and vertical displacement due to a vertical load (bottom) obtained from the measurements
compared to the numerical predictions (blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 9. Measured (left) and predicted (right) deflections of free-top piles due to horizontal pile head excitation at pile P1 at frequencies (a) 5, (b) 14 and (c) 26 Hz in the
horizontal direction. The displacements are identically scaled for the measured and computed illustrations.
soil. Fig. 9 presents a comparison between snapshots of the measured
and computed harmonic motion of the group of free-top piles due to
a force applied in the horizontal direction at the top of pile P1. The
wavelengths associated with standing waves in the clay can be observed
not only for the excited pile, but also for the three receiving piles.

The deformations are largely concentrated in the upper portion of
the soil, agreeing with the numerical predictions, further supporting the
observation that the horizontal impedances of the piles are practically
unaffected by the total length of the piles due to the active length being
smaller than the total depth of the stratum.
7

6.3. Temporal variations due to environmental conditions

The sensitivity of the horizontal impedance of the single pile to
the properties of the soil closest to the surface and the ability of the
model to capture the interaction between the piles due to horizon-
tal excitation, as presented in Fig. 8, suggest that the discrepancies
between the measured and predicted horizontal pile impedances are
due to local effects at the excited pile. This is consistent with findings
by other authors [31,41,50]. Consideration of a free length closest to
the soil’s surface between the pile and the soil, or a weakened zone
at the pile–soil interface have been suggested to obtain more accurate
predictions of the horizontal impedance of single piles [51]. However,
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(

Fig. 10. Comparison between measurement results in spring (blue) and summer (black) of horizontal pile (a) receptances with 95% confidence bounds for piles P1 to P4 (dark to
light) and (b) real (solid lines) and imaginary part (dashed lines) impedance of pile P1. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
Fig. 11. Numerical results (blue) based on a model of a single pile assuming a loss of contact with the most shallow soil layer extending to a depth of 0.6 m compared to the
a) horizontal receptances obtained from the original model (blue dotted line) and the measurements for piles P1 to P4 in the summer (black to light gray) with 95% confidence

bounds and (b) the measured real (black solid lines) and imaginary (black dashed lines) parts of the impedance of pile P1. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
an appropriate selection of parameters is required for these model
adjustments to obtain accurate results. Moreover, these considerations
might not be appropriate for pile groups, which are not as sensitive as
single piles to the conditions closest to the surface [52].

At the present site, and under similar soil conditions, the mechanical
properties of the layer of soil closest to the surface change over time due
to the environmental conditions [44]. Therefore, the change in environ-
mental conditions are expected to influence the horizontal impedances
of the piles. Fig. 10(a) compares the horizontal receptances of the four
piles measured in summer and in the spring three months before. In
both cases, the impacts applied to the piles were of approximately
the same magnitude. A pronounced peak is observed around 70 Hz
for all the piles during the measurements performed in summer. This
peak can only be distinguished for pile P4 in the spring, but with
a significantly lower amplitude. The real and imaginary parts of the
impedances for pile P1 in spring and in summer are compared in
Fig. 10(b). The impedance of the pile is higher over the entire frequency
range considered when measured in spring, but especially in the upper
part of the band associated with the observed resonance. However, the
impedance is still significantly lower compared to the predicted one
of Fig. 7(b). This indicates that while environmental conditions might
influence the horizontal impedance of the piles, the soil closest to the
surface is not accurately enough described by the layered soil model to
capture the true horizontal impedance of the individual piles.

In summer, it was observed that drying of the crust had occurred,
causing it to crack up at the surface such that stakes set out at the
site had become loose. It was therefore investigated whether a loss
of contact between the piles and the soil could explain the observed
resonance phenomenon. Fig. 11 compares the pile top response of
all four piles and the impedance of pile P1 to the numerical results
obtained from a model of a single pile with the soil modified by
8

reducing the depth of the uppermost soil layer to 0.6 m and separating
this layer from the pile with a spacing of 25 mm. The loss of contact
between the pile and the soil dramatically decreases the horizontal
stiffness of the pile, making it more flexible and giving rise to a
resonance phenomenon in the pile similar to what was observed in the
measurements. The correspondence between the simulations and the
measurements indicate that the inconsistencies observed in Fig. 10 are
indeed caused by a change in the contact conditions between the piles
and the soil closest to the surface. This shows not only the difficulty
in predicting the horizontal impedance of piles, but also that slight
variations in the condition of the topmost soil between april and june
can significantly influence the impedance that is measured.

6.4. Response of pile group joined at the surface

Fig. 12 presents a comparison between experimentally and numer-
ically obtained receptances in the vertical and horizontal directions of
the concrete pile cap and the responses at depth within the diagonally
placed piles P1 and P3. The vertical frequency response is obtained as
the average of the recorded signals from accelerometers 𝑎1 − 𝑎5 due to
the impact test at the position Fz1. The horizontal responses are close
to identical for the two perpendicular directions and only the response
due to the impact load Fx is presented here.

As for the free-top piles, the resonance frequencies in horizontal
motion are identified as peaks in the response spectra. The third
natural frequency is not well pronounced in the receptance plots, but
is more easily located in the accelerance spectrum not shown here.
The responses at depth show slightly different amplitudes in the two
diagonally placed piles in the upper 2 m, while the same responses are
measured at deeper levels. The model captures the horizontal motion of
the foundation well apart from a slight shift in the predicted resonance
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Fig. 12. Receptances in the vertical direction due to the vertical load Fz1 (left) and horizontal direction due to the horizontal load Fx (right). Results are presented for the pile
cap (top row) and at the depths 0.75, 1.75, 2.75, 3.75 and 4.75 m within the piles P1 (black line) and P3 (gray line) compared to numerical predictions (blue line). The 95%
confidence bounds on measured quantities are indicated by a shaded region. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
frequencies. The vertical response shows a modest peak at 23 Hz,
a trough at 30 Hz and a more pronounced peak at 63 Hz. As the
foundation is not fully symmetric and a small eccentricity is present for
the applied impact load, the piles show slightly different amplitudes in
the measured responses. The numerical predictions capture the vertical
responses, but the amplitude of the response around peak in at 63 Hz
is slightly underestimated. The presence of this peak is the result of
inertial interaction between the piles and the mass of the pile cap. That
9

is, considering the foundation as massless eliminates this part of the
response altogether. Due to a low signal-to-noise ratio at frequencies
below 10 Hz, the measurements at depth in the vertical direction show
a low coherence in this frequency range and are therefore considered
inaccurate.

Fig. 13 presents the measured and computed snapshots of har-
monic displacements of the pile foundation at its horizontal resonance
frequencies when subjected to horizontal excitation. The wavelengths
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Fig. 13. Measured (left) and computed (right) harmonic displacements at the (a) first (b) second and (c) third resonance frequency of the pile group due to horizontal excitation.
The displacements are identically scaled for the measured and computed illustrations.
Fig. 14. Real (top) and imaginary part (bottom) of the experimental (black and gray lines) and numerical (blue line) pile group impedance in the (a) vertical and (b) two horizontal
directions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
associated with the standing waves in the clay are clearly seen for the
three frequencies considered and correspond well with the numerical
results.

6.5. Structural impedances of the joined pile group

Fig. 14 presents the measured and predicted structural impedances
of the joined pile group in the vertical and horizontal directions. The
vertical impedances are obtained from the impact test Fz1 and the
average vertical response of sensors 𝑎1−𝑎5. The horizontal impedances
are obtained in both horizontal directions from the impact tests Fx and
Fy. The impedances of the joined pile group are well predicted in both
the vertical and horizontal directions. The peaks observed in the real
and imaginary parts of the vertical impedance, caused by pile–soil–
pile interaction, are well captured by the model. The measured vertical
interaction factors of the piles in Fig. 8 indicate a frequency of 27 Hz
where the piles move out of phase, whereas the numerical interaction
factors are slightly shifted towards 30 Hz. The dominating interaction
frequency highly depends upon the soil properties and the inter-spacing
between the piles in the group. A change in soil properties, especially
closest to the surface, can therefore have a significant influence on
10
the apparent interaction frequency, which has been demonstrated in
the literature using numerical models [14,53]. Consequently, the slight
shift in frequency observed between the two measurements indicates
that the stiffness of the soil, and therefore the effective wave speed
between the piles, have slightly changed after construction of the pile
cap. It should be noted that the inertia of the pile cap contributes to the
real parts of the vertical and horizontal impedances as the term −𝜔2m,
with 𝑚 the mass of the pile cap. In the vertical direction, this makes
the real part of the impedance become zero at 63 Hz, resulting in the
resonance peak observed in Fig. 12. The imaginary part of the verti-
cal impedance is slightly overestimated by the model for frequencies
over 40 Hz, resulting in under-predicted response amplitudes near the
resonance frequency where the response is mostly damping controlled.

The horizontal impedance of the pile group is well captured by
the model up to a frequency of 30 Hz and the cut-off frequencies
corresponding to the resonance frequencies of the clay are seen in
the imaginary part of the horizontal impedance as the onset at 5 Hz
and the local minima at 14 and 26 Hz. It is noted that despite the
larger differences observed between measured and predicted horizontal
impedances of the single piles, the prediction of the horizontal pile
group impedance agree reasonably well with the measurements. These
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Fig. 15. Real (top) and imaginary part (bottom) of the experimental (black and gray lines) and numerical (blue line) pile group (a) rotational and (b) cross horizontal-rotational
impedances. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
observations support numerical and previous experimental findings
that pile groups are less influenced by the soil conditions closest to the
surface than solitary piles [31,52].

The rotational and cross horizontal-rotational impedances are esti-
mated from the impacts tests at positions Fz2 and Fz3. For Fz2 the
impedances are calculated with reference to Fig. 6 as:

𝑍𝜃𝜃(𝜔) = −
𝜔2𝐹𝑧2(𝜔)𝐿2

𝑟
(𝑎1 + 𝑎4) − (𝑎2 + 𝑎3)

(2)

𝑍h𝜃(𝜔) = −
𝜔2𝐹𝑧2(𝜔)𝐿𝑟

2𝑎6(𝜔)
(3)

Fig. 15 presents a comparison between the measured and predicted
rotational and cross horizontal-rotational impedances. Experimental
results obtained from the measurements of the rotations around the
two horizontal axes are included, which illustrates that the rotational
stiffness is almost unaffected by the differences in the length of the
piles. The rotational impedance is well predicted by the model, apart
from differences in the locations of the peaks in the spectra similar to
what is found for the horizontal impedance.

Both horizontal and rotational numerical impedances, which are
coupled, start to deviate from the measured ones for frequencies above
30 Hz. While the pile–soil–pile interaction is well captured by the
model for the individual piles for both horizontal and cross horizontal-
rotational motion, the increase in the pile group impedances due to
pile–soil–pile interaction is found at a higher frequency of approxi-
mately 45 Hz, corresponding to the peaks in the real and imaginary
parts of the impedances. As for the vertical impedance, this further
indicates a lengthening of the wavelengths involved in the pile–soil–
pile interaction, i.e. a stiffening of the soil. On the other hand, it is
noted that the lateral natural frequencies of the clay are essentially
the same in the measurements of the free piles and the pile cap. This
indicates that the average soil properties are not significantly affected
over the whole body of clay, and the variation in small-strain properties
is probably localised in the upper part of the soil profile.

7. Conclusion

This paper presents the experimental results of the dynamic re-
sponse of impact driven concrete piles and a 2 × 2 pile group for
the purpose of model validation. The piles were driven at a test site
11
where extensive site investigations have been performed and the small-
strain properties required for modelling the soil have been determined
by geophysical in situ methods, analysis of laboratory samples and
empirical relations. The soil conditions consist of a 4.9 m layer of soft
clay on top of a 2.5 m layer of till resting on a stiff bedrock.

Frequency response functions were measured in two stages of con-
struction. First when the piles had been driven and were free at the
surface and then after the concrete cap had been cast, joining the piles
together at the surface. Excitation was applied to the pile tops and the
pile cap by means of an instrumented impact hammer and the acceler-
ation response of the piles and the pile cap were measured. Each pile
was prepared in the factory with a central cylindrical cavity, allowing
to install sensors in the field and to measure the response within the
piles at depth using equipment for down-hole geophysical surveys. The
measurements of the free top piles are used to obtain the individual
pile impedances and pile-to-pile interaction factors, describing the
interaction between the piles through the soil. The measurements of the
vertical, horizontal, rotational and horizontal-rotational impedances of
the pile group joined by the concrete cap are also presented.

A linear elastic three dimensional finite element model with per-
fectly matched layers is used to predict the dynamic characteristics of
both the free individual piles and the joined pile group foundation,
subjected to the same load cases as in the measurements. A design
condition is considered for predicting the impedances of the founda-
tion, meaning that the numerical predictions are obtained from a model
based solely on the performed soil investigations and no attempt to
update the model to better fit the measurement results have been per-
formed. The numerical predictions are compared to the measurements
to assess the ability of the model to capture the dynamic interaction
between the soil and the foundation. The following conclusions from
the study are made:

• The impedances of the pile group foundation on driven end-
bearing concrete piles in soft clay are well predicted using a linear
elastic three dimensional finite element model. In particular, the
predicted variation of the vertical impedance with frequency due
to pile–soil–pile interaction is in excellent agreement with the
measurements.

• The vertical and horizontal impedances of the free top piles are

not as well predicted as the group impedance.
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• Horizontal impedances of the free top piles are found to be
different between spring and summer. This is caused by a loss of
contact between the pile and the topmost soil, showing that even
small changes in the environmental conditions can significantly
influence the measured pile impedance.

• Measured dynamic pile–soil–pile interaction factors clearly show
the out-of-phase motion associated with an increase in foundation
impedance within the studied frequency range. The correspond-
ing interaction effects are also found in the measurements of the
group impedances, validating previous theoretical findings.

• The horizontal impedances of the piles and the pile group are
influenced by the clay layer’s first three natural frequencies and
are unaffected by the depth of the stiffer non-cohesive soil into
which they are driven. The associated modes of the piles obtained
from the model are in agreement with the measurements.
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