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Dynamic analysis methods of horizontally vibrating pile foundations

Méthodes dynamiques d'analyse des fondations de pieux à vibration horizontale

Janne Juuti

Civil Engineering, Tampere University of Technology, Finland, janne.juuti@poyry.com

ABSTRACT: The horizontal responses of two different harmonically loaded pile group foundations are investigated using two
different models: a FEM-based Winkler-model (Robot Structural Analysis) and a comprehensive FEM model (Plaxis 3D). The goal is

to find out whether or not the models are suitable for dynamic analyses of pile foundations and this is done by comparing the
calculation results to convenient dynamic load test results. The investigated pile groups are small (4 piles) and they rest on clayey and
sandy soil beds. The two examined models are concluded to give realistic results when the models are professionally created,
calculation parameters are accurate and the deformations in the soil media remain small. Correlation analyses indicate that the two
models have a sufficient applicability for practical design of small pile group foundations.

1  INTRODUCTION

The dynamical behaviour of pile foundations has been
considered to be an important research subject and because of
this many studies on this subject have been carried out (i.a.
Novak 1974, Kaynia 1982, Gazetas 1983). In this article the
attention is given to horizontal vibration of structures supported
by piles. The objective is to investigate the applicability of two
modern calculation models for dynamic analyses of pile
foundations. This is done by examining two foundation systems
for which dynamic load tests have been performed (Hakulinen
1991 (Finland), Kobori et al. 1991 (Japan)). The article is based
on author’s master’s thesis (Juuti 2016).
 In Finland the foundation system rests on clayey soil (pile
length 7 meters) and in Japan on sandy soil (pile length 7.5
meters). Both foundation systems are small (4 piles) and are
made of reinforced concrete. The exciting forces applied to pile
caps are sinusoidal and their frequency range varies from 2 Hz
to 30 Hz. The supporting soil remains in the linear elastic
region in both cases. The foundation systems and the soil
parameters are presented in more detail in aforementioned load
test materials. Results from the load tests are presented in Table
1.

Table 1. Load test results.

Resonance

frequency f [Hz]

Horizontal

amplitude

ux [μm]

Finland

without embedment 14,0 90

with embedment 16,1 21

Japan

STEP-1 (without embedment) 7,0 270

STEP-2 (injection) 8,2 135

STEP-3 (with embedment) 9,8 27

 Two different models are used to calculate the horizontal
responses of the foundations: a FEM-based Winkler-model and
a comprehensive FEM model. The Winkler-model is created by
using Robot Structural Analysis -software and the
comprehensive model by using Plaxis 3D -software.

2  WINKLER-MODEL

In Robot Structural Analysis the soil is described by linearly
elastic springs. The stiffness of the springs is considered to be
proportional to the static stiffness of the soil (Juuti 2016). The
presumption of the gapping between pile heads and the soil are

0  mm  (Finland)  and  300  mm  (Japan).  Values  of  relative
damping used in calculations are ξ = 0,1 (Finland, without
embedments), ξ = 0,3 (Finland, with embedments), ξ = 0,05
(Japan, without embedments) and ξ =  0,2  (Japan,  with
embedments). Horizontal responses of the foundations are
calculated using Frequency Response Function -method (FRF)
and  Time  History  Analysis  -method  (TH).  The  results  are
presented in the Figures 1 and 2.

Figure 1. Horizontal responses of the foundation system under
sinusoidal loading (Finland).

Figure 2. Horizontal responses of the foundation system under
sinusoidal loading (Japan).

Both analysis methods (FRF and TH) give almost the same
results. The calculated resonance frequencies of the Finnish
foundation system are 14,0 Hz (without embedments) and 15,5
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Hz (with embedments). Respectively the maximum horizontal
displacements  are  94  μm  and  23  μm.  For  the  Japanese
foundation system the calculated resonance frequencies are 6,9
Hz (STEP-1, without embedments) and 10,2 Hz (STEP-3, with
embedments). Respectively the maximum horizontal
displacements are 262 μm and 29 μm. Calculation results
correlate well with the dynamic load test results (Table 1)
(difference always less than 8 %).

3  COMPREHENSIVE FEM-MODEL

In Plaxis 3D the soil is described by linear elastic model which
is the simplest model in the program. Linear elastic model is
used in order to keep the calculations practical and relatively
short. The presumptions of the gapping between pile heads and
the soil are 450 mm (Finland) and 800 mm (Japan). The results
of TH-analyses are presented in Figures 3 and 4.

Figure 3. Horizontal responses of the foundation system under
sinusoidal loading (Finland).

Figure 4. Horizontal responses of the foundation system under

sinusoidal loading (Japan).

The calculated resonance frequencies of the Finnish
foundation system are 13,0 Hz (without embedments) and 15,0
Hz (with embedments). Respectively the maximum horizontal
displacements  are  89  μm  and  19  μm.  For  the  Japanese
foundation system the calculated resonance frequencies are 7,0
Hz (STEP-1, without embedments), 8,0 Hz (STEP-2, injection)
and 10,0 Hz (STEP-3, with embedments). Respectively the
maximum horizontal displacements are 285 μm, 133 μm and 29
μm. Calculated resonance frequencies and displacements of the
foundation systems correlate well with the test results (Table 1)
(difference always less than 9 %).

 The maximum shear strains appear near the pile heads and
their values are γs = 6*10-5 (Finland) and γs = 16*10-5 (Japan).
This indicates that soil media remain in the linear elastic region
during both simulations.

4  CONCLUSIONS

Both of the examined calculation models give comparably
accurate results. Based on the results it can be stated that the
Winkler-model and the comprehensive model can be utilized to
find out the responses of relatively small pile group foundations
when the natures of the exciting forces are harmonic, soil
parameters are known and the deformations in the soil media
remain small (γs ≲10-5). More general serviceability of the two
models is recommended to be investigated by further studies.
 Calculations based on the Winkler model are much simpler
and faster compared to the comprehensive model. On the other
hand, the comprehensive model describes the interaction
between the soil and the foundation and the wave motions in the
soil media much more realistically. In the Winkler-model
radiation damping cannot be taken into account and the user has
to choose the accurate values for the relative damping on one’s
own. In the comprehensive model radiation damping is taken
into account mainly automatically.
 In both models the gapping between the pile heads (and pile
cap) and the soil has a significant effect on the results. Hence
user has to define the gapping correctly depending on the case
at hand. The stiffness parameters of the soil media also have to
be chosen carefully and they should be based on adequate
ground investigation results.
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