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ABSTRACT: This paper presents some comparisons between results obtained by full-scale
experimental dynamic tests and numerical simulations for the evaluation of the dynamic
behaviour of soil-pile foundation systems. Two experimental campaigns were considered for
this scope: one conducted on vibro-driven steel pipe piles in nearshore environment and the
other on vertical injected and not injected micropiles in an alluvial silty deposit. Experimental
campaigns include ambient vibration and impact tests, as well as snap back and forced vibra-
tion tests. A numerical procedure, developed to study the kinematic and inertial interaction of
pile foundations in horizontally layered soil profiles, was applied to predict the response of
the 3 types of piles realized in different soil deposits. The primary objective of the comparisons
was to assess the accuracy of the numerical procedure in predicting the dynamic response of
the pile-foundation system varying the pile construction method and soil nature surrounding
the pile shaft.

1 INTRODUCTION

In the last decades, different numerical models have been developed to reproduce and predict
the complex soil-pile-structure interaction phenomena at dynamic conditions. From an overall
point of view, both direct methods, i.e. approaches where both the near field, the soil-founda-
tion system and the structure are modelled through finite element or finite difference proced-
ures (Yegian and Wright, 1973; Trochanis et al., 1991), and numerical models working within
the sub-structure approach (Wolf, 1987; Fan et al., 1991; Gazetas and Mylonakis, 1998)
revealed very sensitive to mechanical and geometric parameters that define the dynamic prop-
erties of the soil-pile system. In this framework, experimental results carried out on full- or
small-scale in-situ and laboratory tests are essential for the calibration and validation of
numerical models (Jennings et al., 1986; Pender et al., 2011; Dezi et al., 2012b, 2013, 2016).
In-situ tests have the advantage of providing “real” soil and pile stress conditions while
laboratory tests offer the opportunity of performing parametric studies under known soil con-
ditions; obviously, taken together, field and laboratory tests assure accurate and adequate
knowledge completing each other (Jamiolkowski et al., 1995).
In this work, the numerical model by Dezi at al. (2009, 2016) for the kinematic and inertial

interaction analysis of pile groups, used by the authors to address the soil-structure interaction
problem of both buildings and bridges (Carbonari 2011a, 2011b, 2012; Dezi et al., 2012a), is
validated comparing model predictions with results obtained from two experimental cam-
paigns. The first campaign refers to vibro-driven steel pipe piles in nearshore environment on
which impact and snap back tests have been performed. During the tests, strains along the
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source pile and accelerations at the heads of the source and receiver piles were measured. The
second experimental campaign deals with tests on vertical injected and not injected micropiles
and a group of four inclined micropiles. Ambient vibration, impact, snap back as well as
forced vibration tests were performed. Capabilities of the numerical model in predicting the
real response of the full-scale soil-pile systems is shown in terms of dynamic stiffness in a wide
frequency range.

2 NUMERICAL MODEL

The analytical model proposed by Dezi et al. (2016) addresses the dynamic soil-pile interaction
problem in the frequency domain and allows to perform kinematic and inertial analysis of ver-
tical and inclined pile foundations characterised by a generic layout in stratified soil profiles.
The problem solution is achieved analytically for the single pile (Carbonari et al., 2016) for
which closed-form expressions of the impedances and kinematic response functions are com-
puted. On the other hand, in the case of pile groups, the problem is solved numerically,
through the finite element approach. In the sequel, the analytical and numerical formulation
for pile groups is briefly recalled, considering a generic group of n circular piles with same
diameter and different rake angles. A global reference system frame {0; x1, x2; z} is defined as
in Figure 1 and, for the sake of simplicity, the projection of the pile length on the vertical axis
z is equal to L, for all piles. The orientation of the generic p-th pile, assumed to be an Euler-
Bernoulli beam, is defined by the unit vector aζ,p of the pile longitudinal axis ζp. In addition,
unit vectors a1,p and a2,p define the local ξ1 and ξ2 axes of the p-th pile, respectively.

If ω is the circular frequency, the pile displacements at depth z, referred to the global refer-
ence system, are described in the frequency domain by the complex valued vector

u
T
ω; zð Þ ¼ u1

T � � � up
T � � � un

T
� �

ð1Þ

which groups displacements measured at the axis of the n piles. Each sub-vector up(ω; z), rele-
vant to the p-th pile, contains displacement components up1, up2 and up3 along directions x1, x2
and z, respectively. According to the Euler-Bernoulli model, strains are described by the pile
curvatures on planes orthogonal to ξi and by the overall normal strain; these are collected in
the vector

DRu
T
ω; zð Þ ¼ ~DR1u1

T � � � ~DRpup
T � � � ~DRnun

T
� �

ð2Þ

obtained by applying the differential operator ~D to the local pile displacements. The latter are
obtained by applying the global rotation matrix R to global displacements u. Finally, matrix
R is obtained by suitably assembling sub-matrixes Ri relevant to the n piles.

Figure 1. (a) Pile group with inclined piles; (b) foundation subjected to interaction forces and (c) soil

subjected to propagating seismic waves and interaction forces.
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Piles are subjected to distributed interaction lateral forces (Figure 1b) whose resultants are
collected in the vector

r
T
ω; zð Þ ¼ r1

T � � � rp
T � � � rn

T
� �

ð3Þ

constituted by sub-vectors rp, each one containing components rp1, rp2 and rp3 along directions
x1, x2 and z, respectively. At dynamic conditions, inertia forces ω2

Mu(ω;z) arise, where M is
the mass matrix of the group. By assuming a linear behaviour for piles, the equilibrium condi-
tion of the pile group (Figure 1b) may be expressed in weak form by the Lagrange-D’Alem-
bert principle, which provides the following equation:

ð

L

0

BKDRu ω; zð Þ �DRû zð Þdz�

ð

L

0

r ω; zð Þ � û zð Þdz� ω
2

ð

L

0

BMu ω; zð Þ � û zð Þdz ¼ 0 8 û ≠ 0 ð4Þ

where K is the stiffness matrix of the pile group and B is the matrix of Jacobians of the coordin-
ate transformations. The compatibility condition between the pile and soil displacements may
be expressed, by assuming that no gap arises during the motion, by the integral relationship

u ω; zð Þ ¼ uff ω; zð Þ �

ð

L

0

D ω; κ; zð Þr ω; κð Þdκ ð5Þ

which equates the piles displacements (left-hand side) to the soil displacement at the piles loca-
tions (right-hand side); the latter is obtained from the superposition of the free-field motion uff

and the displacements induced by the pile-soil-pile interaction forces (Figure 1c). Like for pile
displacements the free-field motion is described by vector

uff
T
ω; zð Þ ¼ u1ff

T � � � up ff
T � � � un ff

T
� �

ð6Þ

Furthermore, kernel of Equation (5)

D ω; κ; zð Þ ¼

D11 � � � D1q � � � D1n

..

. ..
. ..

.

Dp1 � � � Dpq � � � Dpn

..

. ..
. ..

.

Dn1 � � � Dnq � � � Dnn

2

6

6

6

6

6

6

4

3

7

7

7

7

7

7

5

ð7Þ

is a complex valued matrix obtained by assembling sub-matrices Dpq(ω κ, z), which contain the
elastodynamic Green’s functions expressing the soil displacements at the location of the p-th pile
at depth z, due to a time-harmonic unit point load acting at the location of the q-th pile at depth
κ. Since the problem is fully coupled, all components of the Dpq matrices are theoretically non-
zero. Equation (7) allows modelling the pile-soil-pile dynamic interaction phenomena and the
radiation problem, once the Green’s functions are defined. The problem is simplified assuming the
soil constituted by infinite independent horizontal layers. Thus, Equation (5) simplifies into

u ω;zð Þ ¼ uff ω;zð Þ � ~D ω;zð Þr ω;zð Þ ð8Þ

where ~D ω; zð Þ contains the elastodynamic Green’s functions which describe the dynamics of the
infinite layer at depth z. Taking Equation (8) into account, Equation (4) may be rewritten as

Z

L

0

BKDRu ω; zð Þ �DRû zð Þdzþ

Z

L

0

~D
�1
u ω; zð Þ � û zð Þdz

� ω
2

Z

L

0

BMu ω; zð Þ � û zð Þdz ¼

Z

L

0

~D
�1
uff ω; zð Þ � û zð Þdz 8 û ≠ 0

ð9Þ
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The solution of the problem is achieved numerically through the finite element method.
Piles are divided into E elements of length Le and local displacements within the elements are
expressed by interpolating those at end nodes through third order polynomials for transverse
displacements and first order polynomials for longitudinal displacements. Vector (1) is
approximated in the form

u z;ωð Þ ffi R
T
N zð ÞLde ωð Þ ð10Þ

where de ωð Þ is the vector grouping the nodal displacements of all the piles, while N and L are
the overall matrix of the interpolating polynomials and the rotation matrix, respectively. By
suitably assembling the node displacements in a unique displacement vector d(ω), standard
considerations allow obtaining the complex linear equation system

�KP � ω
2 �Mþ �KSÞ d ¼ f

�

ð11Þ

where �Kp, �M, �Ks and f are the global stiffness and mass matrix of piles, the global impedance
matrix of soil and the vector of external loads due to the free-field motion, respectively.
The rigid connection at the pile heads is imposed introducing a rigid constraint and defining

a master node with 6 generalized displacement components. By suitably partitioning displace-
ments in order to highlight components of the master node, Equation (11) transforms into

ZFF ZFE

ZEF ZEE

� �

dF

dE

� �

¼
fF

fE

� �

ð12Þ

where dF and dE group the cap and embedded nodes displacements, respectively. In Equa-
tion (12)

ZFF ZFE

ZEF ZEE

� �

¼ A
T �KP � ω

2 �Mþ �KSÞA and
fF

fE

� �

¼ A
T
f

�

ð13a; bÞ

where A is the geometric matrix that analytically imposes the constraint at the pile heads. By
manipulating Equation (12), the complex-valued foundation impedance matrix =and the
Foundation Input Motion dF can be obtained

= ωð Þ ¼ ZFF � ZFEZEE
�1
ZEF

� �

dF ωð Þ ¼ ZF
�1

fF � ZFEZEE
�1
fE

� �

ð14a; bÞ

In the framework of the sub-structure method, Equation (14a) defines the force-displacement
relationships that allow accounting for the soil-foundation system compliance in the structural
analysis, while Equation (14b) defines the seismic input motion for the structural analysis.

3 EXPERIMENTAL CAMPAIGNS

This section provides basic information relevant to the experimental campaigns on which the
model validation is based.

3.1 Vibro-driven steel pipe piles in marine clays

Part of the experimental data derives from an extensive experimental campaign on three steel
vibro-driven piles in the touristic port of La Spezia (Dezi et al. 2012). The soil stratigraphy
was deduced from different geognostic investigations and is characterised by the presence of
normal consolidated slightly silty marine clay in the first meters, and by deeper deposits with a
greater terrigenous component, consisting of overconsolidated clay, clayey silt and clayey
sandy gravel (Figure 2a).
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Piles, not connected at the head, are embedded for 9.5 m into the soft marine clay and rise
above the mean sea level of about 1.0 m. Piles are arranged in an “L” shaped horizontal layout
(Figure 2b and c) characterized by different distances between pile P1, located at the “L”
corner, and piles P2 and P3. The test field layout allowed studying the soil-pile interaction and
the pile-to-pile interaction in two orthogonal directions and for two pile spacings. Piles response
were measured through Strain Gauges (SG) along the pile shaft of pile P1 and Accelerometers
(A) at the head of each pile while Pression Transducers (PT) were used to measure the intersti-
tial pressures at the interface between soil and embedded pile (Figure 2d). Horizontal impact
load tests were performed adopting a 5.5 kg heavy instrumented hammer able to produce a
maximum horizontal load of about 5 kN with a flat spectrum in the range 0÷200 Hz. During
each test, time histories of the horizontal force (acting at the head of pile P1), of the pile heads
accelerations (both source and receiver piles) as well as of strains along pile P1 in correspond-
ence of SGs were measured. In this paper, the recorded accelerometer signals at the head of pile
P1 are used for the definition of the experimental horizontal impedance component.

3.2 Vertical and inclined micro-piles in alluvial silty soil

The experimental campaign on micropiles was developed for investigating the dynamic behav-
iour of vertical and inclined micropiles in single and grouped configuration. Micropiles were
installed in the industrial area of Osimo (province of Ancona). The area, characterized by allu-
vial deposits prevalently constituted by clayey silts, was investigated through a geognostic
investigation, which included 2 vertical boreholes up to 15 m and 2 standard penetration tests
from which the profile of the penetration resistance qc reported in Figure 3a was obtained.
Furthermore, the soil investigation included laboratory tests on undisturbed samples. The
micropile shafts are embedded in an alluvial silty-clay soil of poor mechanical properties,
reported in Figure 3b. The shear waves velocity profile was investigated through active and
passive geophysical surveys (MASW, ESAC, HVSR), obtaining a mean value along the
micropile shaft of about 180 m/s. The water table is about 3.5 m from the surface while the
seismic bedrock is about 75 m deep.
The experimental study involved 2 single vertical micropiles and four inclined micropiles

connected at the head by an r.c. cap (Figure 3c). One of the vertical micropile is a simple
bored pile with a tubular steel reinforcement while all the remaining ones are IRS type
micropiles (Figure 3d). The four micropiles constituting the group are 1 m spaced and

Figure 2. (a) Geotechnical soil model and qc profile; (b) picture of the tested piles; (c) pile layout; (d)

instrumentation of the source pile.
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inclined of 15° in the y direction (Figure 3e). All piles are reinforced with an 8 m long steel
tubular element obtained by assembling 4 sections of length 2 m. The outside diameter of
the steel tubular reinforcement is 76.1 mm while the thickness of the tube is 6 mm. Starting
from the bottom, the last 2 sections of the tubular reinforcement are equipped with non-
return valves (50 cm spaced) for the high-pressure injections. The last section is also pro-
vided with a cap through which a high-pressure injection at the pile tip is possible. Valves (4
in correspondence of each tubular section) are obtained by 2 diametrically opposite small
holes covered by a rubber band and secured by 2 steel rings welded to the tube at the ends of
each valve. Sections were assembled in laboratory to allow a correct installation of SG along
the tube. Sensors were meticulously protected, and the assembled tubes were finally moved
to the installation site. 7.5 m long boreholes of diameter 17 cm were performed and a prelim-
inary injection with mortar was done; then, instrumented tubular reinforcements were
placed in the excavation holes. All piles are characterized by a cantilever section (above the
ground surface) of 50 cm through which during tests forces are applied to piles. After about
48 hours from the first injection, other cement mortar was injected (with a pressure of 6÷8
MPa) through the non-return valves with the aid of a double-acting piston packer. The
cement mortar used for injections has a water-cement ratio of 0.5; in the sequel, the IRS
vertical micro-pile will be called P1 while the simple bored micro-pile (i.e. not injected at
high pressure) will be called P2. In addition to the permanent instrumentation (i.e. SG along
the steel tubular reinforcement), additional sensors were used during the tests, such as accel-
erometers (A) at the pile heads.

4 VALIDATION OF THE NUMERICAL MODEL

The numerical model by Dezi et al. (2016) was used to simulate some impact load tests per-
formed during the experimental campaigns described in the previous section. In the sequel,
comparisons of numerical and experimental results are reported in terms of impedance
functions (i.e. dynamic stiffnesses) of the investigated soil-foundation systems. In this work,
the dynamic horizontal experimental impedance function is identified in the frequency
domain through the ratio of the impact force applied at the pile head and the relevant dis-
placement in the load direction, which is computed starting from the registered accelero-
metric signal.

Figure 3. (a) qc profile; (b) mechanical parameters of the soil layers within the micro-pile lengths; (c)

plan view of the field test with indication of the reference system frame; (d) lateral view of vertical micro-

piles; (e) lateral view of the inclined micro-pile group; (f) micro-pile cross sections.
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4.1 Comparison of results from vibro-driven steel pipe piles in marine clays

The numerical model was used to predict impact load tests on the source pile P1. Taking into
account the low energy content of blows, a linear elastic behaviour of both the soil and pile is
considered, assuming that no gaps arise at the soil-pile interface. Input parameters required by
the numerical model are calibrated starting from the available geotechnical characterization.
The pile density ρp relevant to Embedded (E) and Submerged (S) Pile Sections (PS) was

computed considering masses of soil and water within the pile cross-section, respectively. Fur-
thermore, for the submerged pile section (S-PS), an added mass simulating the contribution of
the water around the pile is considered. Finally, mass and inertia properties of the PS above
the Sea level (AS-PS) is evaluated only considering the steel hollow cross section. Soil and PSs
properties are reported in Table 1.
Pile is discretised into a sufficient number of elements in order to adequately capture the

system fundamental frequencies, according to the Kulhemeyer and Lysmer (1973) rule. Com-
parison of experimental and numerical results are shown in Figure 4a in terms of real and
imaginary parts of the translational impedance function. Real parts of the translational imped-
ance functions obtained from both the numerical model and the experimental data show null
values in correspondence of the first fundamental frequency of the soil-pile system (6.6 Hz).
Overall, a good superposition of numerical and experimental results is visible within a wide fre-
quency range, which may be considered of practical interest in earthquake engineering.

4.2 Comparison of results from vertical and inclined micro-piles in alluvial silty soil

The numerical model presented in section 2 is used to simulate impact load tests on vertical
single micropiles and inclined micropiles connected at the head. Soil parameters required by
the model are calibrated on the basis of the available geotechnical and mechanical

Table 1. Main parameters adopted in the numerical model to simulate impact load

tests on steel pipe piles

Site ρs [t/m
3] VS [m/s] νs

Soil La Spezia 1.68 ~ 55 0.49

Osimo 1.95 180 0.45

ρp [t/m
3] Ep [kPa] νp

Steel piles AB-PS

S-PS

E-PS

7.8

38.6

35.5

200 x 106

200 x 106

200 x 106

0.3

0.3

0.3

Micropile CS1 (Figure 3f)

CS2 (Figure 3f)

CS3 (Figure 3f)

1.02

1.4

1.68

22 x 106

22 x 106

22 x 106

0.24

0.24

0.24

Figure 4. Comparisons between numerical and experimental impedance functions: (a) steel pipe piles in

La Spezia and (b) injected vertical micro-pile in Osimo.
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characterization of the site (Table 1). Inertial properties of micropile Cross Sections (CS#)
(Figure 3f) are evaluated considering a concrete homogenized cross-section and effects of
injections are included by considering an equivalent pile diameter (Table 1). The soil shear
wave velocity varies almost linearly with depth with a mean value, within the micropile length,
of about 180 m/s. Micropiles are discretised into a sufficient number of elements to capture
the system fundamental frequencies (it is worth noting that vertical micropiles, without masses
at the heads, are characterised by high fundamental frequencies). Figure 4b compares experi-
mental and numerical results in terms of real and imaginary parts of translational impedance
function of one of the vertical micropile while Figure 5 compares experimental and numerical
impedances obtained for the micropile group in both the x and y directions. As already
observed, the vertical micropile is characterised by a high fundamental frequency (133 Hz),
highlighted by the null value of the real component of the translational impedance function
(Figure 4b); furthermore, as expected, the fundamental frequency of the micropile group in
the y direction is higher than that in the x direction (Figure 5), consistently with the inclined
direction of piles (Figure 3c). From an overall point of view, the matching of numerical and
experimental results is good in the frequency range 20÷100 Hz.

5 CONCLUSIONS

The validation of the numerical model by Dezi et al. (2016) for the dynamic soil-pile founda-
tion interaction analysis has been discussed in this paper, starting from results of two experi-
mental campaigns. In detail, data from impact load tests executed on vibro-driven steel pipe
piles in marine clays and micropiles in alluvial silty soils are adopted to experimentally com-
pute the translational impedance function of the investigated soil-foundation systems. Geo-
technical and mechanical characterizations of the real sites where tests were executed are
adopted to define input data for the numerical model. Impedances obtained numerically
through the model are compared with those resulting from tests.
The numerical model revealed capable to capture the experimentally determined trends of

translational impedance functions and configures as a powerful and useful tool for predicting
the dynamic behaviour of both piles and micropiles.
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