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ABSTRACT

Purpose: of this paper is a research on Vibratory Pile Hammer (VPH) efficiency improvement 
with the use of Magnetorheological Elastomer (MRE) controlled with external magnetic field.
Design/methodology/approach: The analytical equations are made to describe physical 
dependence of MRE on VPH work. To describe elastomer properties reduced polynomial 
model proposed by Oon H. Yeoh was used. The shear tests for Magnetorheological Elastomer 
of two with different volume of carbonyl-iron particles and its influence on elastomer pillow 
implemented in VPH were carried out. Tests were carried out in external magnetic field and 
without it. Numerical analyses were conducted with the use of MSC Software applying Finite 
Elements Method (FEM). The FE model was built on the experimental boundary conditions.
Findings: MRE significantly changes elastic properties under applied magnetic field, what 
can be used to stiffness and damping properties of the construction control.
Research limitations/implications: In further analyses, the test results will be used for 
the evaluation and selection of MRE regulation system.
Practical implications: The presented results were used in modification of Vibratory Pile 
Hammer to improve its efficiency and a maintain device in resonance.
Originality/value: The new application of the phenomenon of  MRE stiffness change 
caused by the variable external magnetic field will allow to keep the mechanical system in 
resonance. 
Keywords: Magnetorheological elastomer; Vibratory pile hammer; Magnetic field; 
Hyperelastic material
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1. Introduction 

A vibratory pile hammer (VPH) is a mechanical device 
used to drive steel piles as well as tube piles into soil to 
provide foundation support for buildings or other 
structures. In order to increase the stability and the 
efficiency of the VPH work in the resonance frequency, a 
new VPH construction was developed. The new VPH 
contains a system of counter-rotating eccentric weights, 
powered by hydraulic motors, and designed in such a way 
that horizontal vibrations cancel out, while vertical 
vibrations are transmitted into the pile. This system will be 
suspended in the static parts by the adaptive variable 
stiffness pillows based on a smart material, 
magnetorheological elastomer (MRE), which rheological 
and mechanical properties can be reversibly and rapidly 
controlled by an external magnetic field [1]. The inside 
construction of VPH with the elastomer pillows is shown in 
Fig. 1. 

Fig. 1. Inside construction of VPH with elastomer pillows 

During the VPH works, the pillows vibrate in the 
vertical direction with an amplitude of 12 [mm]. 

Composites of ferromagnetic particles in the 
elastomeric matrix are called Magnetorheological 
Elastomers (MRE). They were created by replacing 
Magnetorheology Fluid (MRF) by solid. These materials 
have similar physics parameters when being in magnetic 
field. During the production, after the polymer matrix 
cross-linking, chains particles are blocked. MRE matrix in 
solid form prevents the free movement of the magnetic 
particles. It has a positive effect on the shear modulus in 
the area below the range of yield strength. 

In magnetic field especially rheological properties of 
MRE are changing, mostly the aforementioned shear 

modulus and modulus of elasticity.  Shear of 
Magnetorheological Elastomer in magnetic field causes 
particles moves to positions with a minimum energy to 
other places. That requires extra work. Therefore, the shear 
modulus is determined by intensity of magnetic field. It 
may change continuously, rapidly and fully reversibly [1]. 
Arrangement of MRE particles cured under magnetic field 
is presented in Figure 2. Straight lines created by carbonyl-
iron particles aligned along magnetic field lines are strictly 
visible. 

Fig. 2. SEM images of MRE obtain from PU 80/20 filled 
with 11.5% volume % of carbonyl-iron particles, cured 
under magnetic field of 100mT [2] 

2. Analytical equations of Vibratory 
Pile Hammer 

For Vibratory Pile Hammer (VPH) equations of 
movement development two cases of its coupling with 
excavator were consider. Type of coupling VPH is very 
important for frequency and amplitude of vibrations 
generated by working machine. The value of those 
parameters mostly depend on weight of the system. In the 
first case the VPH is coupled stiffly with the excavator. 
Than its equation of movement is as follows: 

( ) tAtPGxxfxmm p ωω sin),()( 2+−=++ &&&  (1) 

where: 
m – dynamic mass of VPH (720 kg), 
mp – mass of the pile (kg), 
f( x& ,x) – nonlinear function describing stiffness and 
damping in the elastomer elements, 
G – gravity G = (m+mp)g, 
P(t) – periodical function describing the pile vs. soil 
resistance (friction and shearing), 
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A – centrifugal force amplitude (275 kN), 
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ω  – frequency of centrifugal load. 

Scheme of VPH coupled stiffly with the excavator is 
shown in Fig. 3.  
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Fig. 3. Model of VPH coupled stiffly with excavator [3] 

To solve this equation the simplifications must be 
introduced. For frequencies calculations the linear 
functions can be considered. Then equation is: 

( ) tAtPGkxxcxmm p ωω sin)( 2+−=+++ &&&  (2) 

where:  
c – damping coefficient, 
k – elasticity constant. 
The natural frequency can be calculated with the equation: 

pmm
k
+

=2
0ω  (3) 

then: 

( ) tAtPGkxkxxcxcxmm p ωω sin)( 2
11 +−=+−+−+ &&&& (4) 

The damping and load can be skipped considering the 
harmonic solution. Received condition of determinant 
zeroing what can be used for frequency calculation: 
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Analyzes of vibrations characteristics are very 
important to choose suitable function which describes non-
linear elasticity phenomenon. Considered model (VPH) is 
provided with elastomer, so theory of hyperplastic material 
must be used in its equations. This theory considers the 
relative extension, which for small deformations is coupled 
with classic deformation theory with the equation: 

1+= ii ελ (6) 

Volume is calculated as: 

321 λλλ=J (7) 

In practice general way to describe elastomer properties is 
to use a reduced polynomial model [4] proposed by Oon H. 
Yeoh. 
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The second component of the sum above was omitted. The 
elastomer element was described with the first component 
assuming the incompressibility as: 

( )311 −= ICW  (9) 

Next step was the elastic force calculation by using the 
incompressibility condition and other mathematical 
transformations. 
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Where elastic coefficient .  The basic equation for 
VPH motion is as follows: 
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where: 
- - linear viscose damping in elastomer elements. 
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This formulation shows relationship between VPH 
movement equation and stiffness of elastomer, which 
allows after implementation of MRE to construction, to 
calculate the change in characteristics of working vibratory 
head depending on changes of stiffness of MRE in variable 
magnetic field.  

3. Experimental research of MRE

Elastomers in Vibratory Pile Hammer (VPH) works 
mostly as shearing elements. The experiment was made to 
simulate real process of work vibrating head. The purpose 
of research was to assess the influence of adjustable 
stiffness system of Magnetorheological Element on 
strength parameters of elastomer pillows system. The 
system finally was added to existing configuration of VPH. 

The scheme of test stand was presented in Fig. 4. The 
stand was adjusted to the Instron 8802 testing machine - 
Fig. 5. It included testing system with magnetic field 
generating element and Magnetorheological Elastomer 
(MRE). The machine was additionally equipped with the 
measurement head of 4 kN scope.  

Fig. 4. Scheme of shear test stand. 1) Magnetorheological 
Element, 2) VPH Elastomer pillow, 3) System to generate 
magnetic field, 4) Testing Frame, 5) Power supply, 6) 
Measurement head 7) Movement Control head 

Fig. 5. Test stand on Instron 8802 testing machine 

To achieve a real work parameters in the testing system 
was original VPH elastomer pillow was added. MRE was 
controlled by power supply with regulated current. 

The research was conducted for numerical models of 
changeable stiffness development. MRE used on the tests 
had different volume contents of carbonyl iron particles 
and was subjected to different magnetic field intensity, 
what was assumed as current changes. Exemplary results of 
the experiments were presented as load-displacement charts 
in Figs. 6 and 7 

Fig. 6. Results of shear test of elastomer pillow and MRE 
with 11.5% vol. of Fe setup 

3.  Experimental research of MRE
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Fig. 7. Results of shear test of elastomer pillow and MRE 
with 33% vol. of Fe setup 

Results of experimental test showed significant 
influence on the researched strength parameters. Increase in 
the resultant force was observed in sample under magnetic 
field. Furthermore results showed that greater volume of Fe 
in MRE generates bigger resultant force. This means that, 
during the VPH modification proper selection of type of 
MRE will be needed. Equations from analytical calculation 
will be useful during the selection MRE, too. 

4. Numerical analyses 

FE analysis was used for numerical research of 
aforementioned problem of Magneto-rheology Element 
influence on vibrating head efficiency. Based on 
experimental research numerical analysis of original pillow 
and MRE system which shown in Fig. 8 was conducted. In 
this model, MRE and original pillow were locked on the 
stationary plate and the upper part of the samples were 
connected to moving plate. The model was loaded with the 
shearing displacement of 12 mm. The material behaviour 
of the elastomer pillow was assumed as hyperelastic one. 
The Mooney-Rivlin material model was used. [5] 

Two variants of the analysis were considered. Shear of 
system pillow-MRE without magnetic field and MRE with 
magnetic field. The model was built of brick elements. 
Numerical analysis was carried out with the use of MSC 
Software. Results of first variant are presented in the Fig. 9. 
second variant – on Fig. 10. 

Influence of MRE stiffness on shear force was shown in 
Fig. 11. A small increase in system stiffness with magnetic 
field was noted, what proved the experimental results

Fig. 8. Scheme of numerical model 

Fig. 9. Distribution of HMH on MRE without consideration 
of magnetic field  

Fig. 10. Map of HMH on the MRE with magnetic field 

4.  Numerical analyses
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Fig. 11. Difference of shear force between with and without magnetic field.

5. Conclusions 

Research of Magnetorheology Elements was made for 
future application in suspension bushing, engine shock 
absorber, others damping elements and also in Vibratory 
Pile Hammer. VPH should work above resonance scope to 
achieve the best effectiveness of its work. Use of MRE can 
help to keep the VPH in above resonance frequencies. 
Numerical and experimental shear test of this material 
confirmed an influence magnetic field to improve and 
control shear force. In FE shear model, the stress 
concentrations are located near the bases of cylinder 
sample in variant with magnetic field controlled. That 
means, that Magnetorheology effect is working properly. 
The value of the Magnetorheology Element mechanical 
parameters depends on the volume of carbonyl-iron 
particles and magnetic field strength. In both tests MRE 
material with original elastomer pillow from Vibratory Pile 
Hammer (VPH) were used. These models were simulated 
work of real device. In further analyses, the test results will be 
used for the evaluation and selection of MRE regulation 
system. 
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