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ABSTRACT:  In this present study, the nonlinear behavior of a single hollow steel pile having an outer diameter of     
0.114 m and length of 3 m was investigated under vertical excitations of rotating machine. Forced vibration tests were 
performed in the field to determine the dynamic responses of the single pile for four different eccentric moments. First 
time-acceleration responses of the single pile were measured for different frequencies and finally from that the 
frequency-amplitude response curves have been obtained for different excitation forces. It is observed from the field 
test results that the measured frequency-amplitude response curves exhibit nonlinear behaviour of the soil-pile system 
by showing the decrement in resonant frequencies and disproportional increment in resonant amplitudes with the 
increase of excitation intensities. Additionally, the inverse analytical method of Novak is used to quantify the variation of 
stiffness, damping and effective mass of the pile for different excitation intensities using the measured response curves. 
It is observed that the calculated damping values are increased with the increase of excitation forces. However, the 
effective mass and average stiffness values are decreased with the increase of excitation forces. The frequency-
amplitude response curves are also back calculated using the theory of vertical vibration with the calculated parameters 
of the soil-pile system. The back calculated response curves are compared with the field dynamic test results and it can 
be seen from the comparison curves that the dynamic nonlinear response obtained from the theoretical analysis have a 
very close match with the field test response curves. 

Keywords: nonlinear response, soil-pile system, vertical excitation 

      

1 INTRODUCTION 

Many experimental and theoretical studies have been 
done to investigate the dynamic nonlinear 
characteristics of pile foundation. When these loads 
are dynamic in nature special considerations need to 
be adopted in the design and analysis of the pile 
foundation. One of the primary sources of the 
dynamic load on the pile foundation is machine 
induced vibrations. The aim of pile foundations for 
supporting machinery equipment is to limit the 
vibration amplitude within an acceptable range. 
Therefore, the response of pile foundation under 
machine vibrations should be accurately determined 
to achieve this criterion.  

Many researchers (Novak and Grigg, 1976; EI 
Sharnouby and Novak, 1984, EI-Marsafawi et al., 1992) 
conducted the field test on single pile and group pile 

to obtain the dynamic responses under machine 
induced vibrations. Many theoretical studies (Novak, 
1971; Novak, 1974; Novak and Aboul-Ella, 1978) have 
been done in order to determine the dynamic 
nonlinear response and impedance function (stiffness 
and damping) of the soil-pile system. More dynamic 
field tests and theoretical study (Manna and Baidya, 
2010 and Elkasabgy and Naggar, 2013) were carried 
out to study dynamic nonlinear characteristic of the 
soil-pile systems. 

In this current study, dynamic field tests have been 
conducted on a single pile to measure the frequency-
amplitude responses. The effective mass with stiffness 
and damping are evaluated using the theoretical 
approach proposed by Novak (1971) from the 
measured dynamic response curves. The dynamic 
responses are also back-calculated by theoretical 
method and compared with the tests results. 
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2 DISCRIPTION OF TEST SITE 

The testing site was located at Indian Institute of 
Technology Delhi campus, New Delhi, India. To obtain 
the soil properties of test site, SPT tests as well as 
different laboratory tests were performed. From all 
the in-situ and laboratory tests, it was found that the 
subsurface site consists of clayey silt soil. The soil 
properties of test site with depth is presented in Fig. 1 

Table 1. Soil properties at in-situ site. 

Layers 
Type of 

soil 

Depth 

(m) 

Dry 

density 

(kN/m3) 

Ncorr -

Value 

Shear 

modulus 

(kN/m2) 

1 
Clayey 

Silt 

0.00-0.75 18.20 18 16585 

0.75-1.50 16.12 12 11046 

1.50-2.50 11.67 15 13815 

2 

Clayey 

Silt with 

Gravel 

2.50-3.50 14.77 26 23938 

 

 
3 DIMENSIONS OF PILE AND ITS INSTALLATION 

A hollow steel pile with an outer diameter of 0.114 m 
and thickness of 0.002 m was used as single pile. A 
single pile of length 3 m was driven into a borehole by 
a SPT hammer. To make the borehole, auger boring 
was done with an auger bit of 0.1 m so that the 
resistance over driving of pile can be minimized. A 
steel plate of dimension 0.9 m × 0.9 m × 0.037 m was 
used for pile cap. The pile cap was tightly joined with 
the pile by pile cap connectors. 

4 EXPERIMENTAL INVESTIGATION 

Forced vertical vibration tests were performed on the 
single pile under a static load (Ws) of 10 kN for four 
different excitation moments (W.e = 0.868, 1.269, 
1.631, and 1.944 Nm). A mechanical oscillator with 
two counter rotating shafts was used to produce the 
dynamic excitation forces. The W and e are weight and 
eccentric distance of the rotating masses. 

First the mechanical oscillator was placed on the pile 
cap in such a way that it could generate the sinusoidal 
force in vertical direction. The mechanical oscillator 
was connected with a DC motor through a flexible 
shaft to run the oscillator. One accelerometer was 
attached on the top of the pile-cap loading system and 
frequency measuring sensor was attached to the DC 

motor to determine the acceleration and operating 
frequency during dynamic testing. The field test setup 
of the soil-pile system is presented in Fig. 1. 

 

Fig.1. Field  vibration test setup of the single pile 

5 THEORETICAL INVESTIGATION 

In the present study, the methodology involved to 
solve the inverse problem (Novak, 1971) has been 
used to determine various parameters of the soil-pile 
system using dynamic test response curves. The 
response curves with nonlinear restoring force and 
linear damping have many geometric properties which 
can alleviate the data reduction from such response 
curves. The reduction of resonant frequency is 
acknowledged by the backbone curve which can be 
established by intersecting the measured response 
curve by a pencil of straight lines passing through the 
origin. The backbone curve shows the undamped 
variation of resonant frequencies Ω(A) with amplitude. 
A simple relation of Ω (Novak, 1971) is given below: 

Ω =  √𝜔1𝜔2                                                                            (1)           

Where, ω1 and ω2 are the frequencies related to the 
points of interaction where the response curve and a 
line passing through the origin of coordinates. Using 
the equation (1) on each straight line, the points of 
curves of the natural frequencies (Ω) are obtained and 
by extrapolation of frequency axis, ω0 is obtained. 
Where, ω0 is the initial frequency of the back bone 
curve at which amplitude is zero.  

In general, where the restoring force F(A) is nonlinear 
for each steady state amplitude ‘A’ and damping force 
is linear the stiffness characteristics can be presented 
as: 



Indian Geotechnical Conference IGC2016 
15-17 December 2016, IIT Madras, Chennai, India 

3 

𝐾𝑒(𝐴) =  
𝐹(𝐴)

𝐴
                                                                          (2) 

Where, Ke(A) is the equivalent linear stiffness which is 
a function of amplitude A. The restoring force can be 
expressed by the series:           

𝐹(𝐴) = 𝑘1𝐴 + 𝑘3𝐴3 + 𝑘5𝐴5 + ⋯ + 𝑘𝑛𝐴𝑛                     (3) 

Where, ki = coefficients and i = 1,3,5,…n (odd integers). 
In elastic nonlinear system, the steady vibrations are 
considered linear for the variable spring constant with 
a function of steady amplitudes. If F(A) is considered 
as a function of the steady amplitudes, then the 
square of nature frequencies of linear theory is 
expressed as: 

Ω2(𝐴) =  
𝐹(𝐴)

𝐴𝑚𝑒𝑓𝑓
                                                                       (4) 

Where, Ω2(A) is the variation of undamped natural 
frequencies with amplitudes and meff is the effective 
mass of the soil-pile system.  

The damping and effective mass are calculated using 
the geometric properties of the dynamic responses. In 
the case of dynamic nonlinear response curves, the 
effective mass (meff) is obtained much higher than the 
mass of pile cap-loading system (ms). Where ms is the 
total static load on the pile which includes pile cap, 
steel plates and oscillator. The apparent additional 
mass can be defined in terms of the mass coefficient 
by: 

ζ =  
𝑚𝑒𝑓𝑓−𝑚𝑠

𝑚𝑠
                                                                      (5) 

When effective mass and the undamped natural 
frequency is known from the backbone curve Ω, the 
restoring force F(A) is calculated without any further 
use of the field response curve by: 

𝐹(𝐴) =  𝐴𝑚𝑒𝑓𝑓Ω2                                                                 (6) 

6 THEORY VERSUS EXPERIMENT 

The dynamic nonlinear response curves are back 
calculated by the theory of vibration with the use of 
calculated parameters (Novak, 1971) of the single pile. 
These back calculated frequency-amplitude response 
curves are compared with the test results as shown in 
Fig. 2. In this theoretical plot, the backbone curves Ω is 
also plotted for different response curves. From the 

comparison of response curves, it is found that the 
field vibration test results and the measured 
frequency-amplitude response curves exhibit 
nonlinear behaviour of the soil-pile system by showing 
the decrement in resonant frequencies and 
disproportional increment in resonant amplitudes 
with the increase of excitation forces. It is well 
observed that the theoretical resonant frequencies 
and amplitudes are very close to test results for all 
excitation intensities. It can be found from the nature 
of backbone curve that the stiffness characteristic of 
the soil-pile system changes with the excitation forces. 

 

Fig.2 Test and back calculated response of single pile 
under field vibration test 

Table 2 Calculated parameters of the single pile 
responses 

Ecc. 

moment 

(Nm) 

Effective mass 

Damp. 
Stiff. 

(kN/mm) 
mass  

meff (kg) 

Mass 

coeff. 

(ξ) 

0.868 9997 9.00 0.16 370.93 

1.269 8677 7.68 0.17 245.65 

1.631 7863 6.86 0.18 207.48 

1.944 6369 5.37 0.19 144.10 
 

The variation of stiffness, damping and effective mass 
for different excitation forces are presented Table 2. It 
can be also found from tabular results that the 
damping is increased but the stiffness and effective 
mass is decreased with increase of excitation forces. 
The higher value of additional effective mass at lower 
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excitation forces indicate that the partial separation 
between pile and soil may occur for higher excitation 
force. 

 

Fig.3 Pile restoring force characteristic versus pile 
displacement of single pile 

From the theoretical back calculation of the effective 
mass and stiffness, the values of restoring forces and 
vertical displacements are evaluated from the field 
test results. The computed results are plotted in Fig. 3 
for different eccentric moments. It can be observed 
from the figure that the values of the vertical 
amplitudes are increased with the increase of 
eccentric forces. These patterns show that the soil-pile 
stiffness is decreased with the increase of excitation 
forces. 

In this paper, single pile of length (L) = 3 m and 
diameter (d) = 0.114 m (L/d = 26) is used. Many 
research works (Manna and Baidya, 2010; Elkasabgy 
and Naggar, 2013) have been carried out under 
dynamic loading with different pile length and L/d 
ration to understand the complex nature of soil-pile 
system. From the different research work it was found 
that, the natural frequencies are increased and 
vertical resonant amplitudes are decreased with 
increasing length of piles under dynamic loading. 
However, different researchers used 1g-scaling law 
(Wood 2004) to understand the dynamic behavior of 
varying dimensions of model piles. 

7 CONCLUSIONS 

In this study, the field pile responses are measured 
and the frequency-amplitude response characteristics 

(Novak, 1971) of the single pile are evaluated for 
machine induced vertical vibration. It is observed from 
the both test and analytical results that the dynamic 
response of vibration tests shows nonlinear behaviour 
of the soil-pile system. It can be also observed from 
the comparison of test and theoretical results that the 
theoretical nonlinear response curves approximately 
matches with the field responses. Hence, a 
comprehensive analytical approach is possible for the 
soil-pile system with the evaluation of back calculated 
parameters of the single pile responses under vertical 
vibrations. The dynamic test results of piles presented 
in this study are found nonlinear. Therefore, 
equivalent liner continuum model or nonlinear FEM 
could be used for dynamic analysis of piles under 
machine vibrations    
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