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Abstract. A strategy is proposed to mitigate the noise barrier vibrations due to the train passage in high speed lines employing a 
hysteretic vibration absorber. The barrier is modelled as a generalized single degree of freedom system; the absorber consists of a 
light mass attached to the main structure by a hysteretic element whose restoring force is described by the Bouc-Wen model. The 
resulting two degrees of freedom system is studied, and it is shown that, for control purposes, beneficial conditions are obtained 
when the two oscillators are close to the resonance conditions (1:1). A procedure for a preliminary design of the absorber is 
highlighted; a parametric analysis varying the absorber characteristics is carried out and the optimal values are obtained by 
maximizing the barrier response performance. The absorber is realized exploiting high damping rubber elements whose 
constitutive parameters have been identified through experimental tests. The effectiveness of the realized absorber is assessed by 
performing dynamic analysis of the two degrees of freedom system under the train excitation at a reference speed and 
comparing its performances with those of the designed one, observing a similar reduction of the barrier response. Finally, a 
sensitivity analysis of the performances varying the train speed shows that, even if the stiffness and damping of the absorber are 
amplitude dependent, its efficiency is confirmed in the speed range of high speed trains. 

Keywords: Vibrations mitigation, Hysteretic absorber, Noise barriers, Rubber elements, Experimental tests. 

1. Introduction 

Noise barriers are trackside structures adjacent to the railway which have the primary function of reducing the noise in the 
surrounding environment, as well as functioning as obstruction elements to prevent trespassing the lines. The barriers were 
originally designed for static actions, considering the aerodynamic pressure induced by the train transit acting as an equivalent 
static force. With the increase of trains speed which implies higher pressure fields and from in situ experiments, it resulted that 
these structures may exhibit response amplification causing weakening and fatigue problems; consequently, it becomes 
mandatory to consider their dynamic response and investigate possible strategies to control this phenomenon. Until the last 
decade, only few European countries focused on this aspect; all the evaluations were done in absence of national codes or specific 
requirements considering the dynamic effects induced by the train passage [1, 2]. Due to the repeated passage of trains along high 
speed lines, noise barriers undergo cyclic response and can be affected by fatigue phenomena, specifically, at the section of the 
column base, where large and alternating sign bending moments cause weakening. This aspect is intended to raise importance in 
the future for increasing train speeds, while only in the last years becomes a topic worthy of attention [1-6]. 

A part of the scientific literature on this topic is oriented to describe properly the pressure induced by the train on the barriers 
through field measurements [3], theoretical and experimental evaluations [4], dynamic simulations processes at different speeds 
[7]. Another part of the studies concerns the dynamic response of the barriers subject to the train pulse through appropriate 
models [2, 5, 8-11]. In particular, the resonance effect between the natural frequency of the noise barriers and the pulse excitation 
of the train head and tail are underlined in [5, 11]; the interaction phenomena between train and trackside structures under the 
aerodynamic action generated by passing trains are the subject of [8]; large finite element models are used in [9] to describe the 
response of barriers of existing railway bridges, taking into account different types of bridges; finally, a comparison of calculation 
methods for aerodynamic impact on noise barriers along high speed rail lines is given in [10]. Most of the papers emphasize the 
amplification of the barrier response due to train passage, however, there is lack of indication on how these vibrations could be 
reduced. 

In the vibration mitigation, it is common to connect a structure to be protected with an attachment, which has the role of 
absorbing part of the vibratory energy of the excited primary structure, thus reducing its oscillation amplitude. Different kinds of 
attachments are proposed in the literature. Among the first, Den Hartog [12] proposed a linear vibration absorber, realized with 
mass, dashpot and spring and gave analytical expressions for the optimal tuning of the absorber frequency and damping factor, 
based on the equal peak method of the primary structure frequency response function. According to his formula, the optimal 
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frequency ratio between the main structure and the absorber, is found to be around the unity. Following the Den Hartog 
viscoelastic tuned mass damper (VTMD), other researchers proposed later many different alternatives of attachments and design 
approaches, fundamentally employing linear elements [13-16], introducing different optimization criteria [17, 18], even with 
attention to the specific loading conditions [19, 20].  

In the literature a few proposal of nonlinear attachments can also be found, as those in [21-23], whereas in the last two 
decades there was an explosion of studies devoted to the introduction of solutions based on attachments with nonlinear 
restoring forces, after a series of papers [24-26] devoted to analyze the energy transfer in dynamics of systems connected with a 
small nonlinear oscillator. Similar dynamic phenomena are observed for systems with hysteresis, a nonlinearity which offers an 
intrinsic damping [27, 28]. 

So, many recent papers deal with nonlinear absorbers for vibration passive mitigation, different solutions are investigated, 
mostly adopting absorbers characterized by polynomial or other single-valued laws [29-37]. Other solutions involve absorbers 
characterized by hysteresis, where this choice depends on the material adopted, like rubber, SMA, cables, [38-46]. 

In this context, the idea of attaching a vibration absorber to the barrier columns is considered here as a possible solution for 
reducing vibrations. Recent studies [27, 28] show that a hysteretic absorber in different internal resonance conditions with the 
primary structure can effectively reduce the amplitude and number of vibration cycles of a main structure. Due to the strong 
nonlinearity, the absorber has stiffness and damping properties dependent on the displacement amplitude and for this reason it 
must be optimally tuned. The main aim of this study is thus modelling, design and experimental validation of a hysteretic 
vibration absorber (HVA) with optimized performances as an effective solution for mitigating the vibrations induced on noise 
barriers of railway high speed lines. The innovative strategy proposed mitigates the barrier vibrations by improving its low 
dissipative capabilities, taking advantage of the energy transfer in the relative motion between the barrier and the hysteretic 
absorber. The barrier is modelled as a generalized single degree of freedom system, whereas the absorber, which has light mass, is 
attached to the main structure with a connection element described by the Bouc-Wen hysteretic model. Advantageous conditions, 
for control purposes, are obtained when the two oscillators are close to a resonance condition (1:1). A parametric analysis varying 
the hysteretic absorber characteristics, obtained by a preliminary design, is carried out and the optimal values of the absorber 
parameters are obtained by maximizing a performance index of the barrier response to the train excitation. The absorber is 
realized using four high damping rubber elements, which have the advantage of directly representing the elastic and damping 
components in a single element. Its properties are characterized through experimental tests and an identification of the 
constitutive parameters is carried out. The validation of the realized absorber effectiveness is assessed by performing dynamic 
analysis on the two degrees of freedom (2DOF) system with the train excitation. Moreover, it is shown that the absorber 
optimization can be pursued by analyzing the free response, condition that can be experimentally investigated much more easily. 
Finally, since the optimal design of the nonlinear absorber is amplitude dependent, a sensitivity analysis of its performances 
varying the train velocity is also reported. 

2. Noise Barriers and Excitation 

Noise barriers for high speed lines are generally composed of H section steel profile columns, spaced every 3 m, constrained to 
the base through anchor bolts and noise panels inserted between the profile flanges, Fig. 1a. These panels are usually made of 
metal (aluminum, stainless steel or galvanized steel), concrete, or transparent material (glass or PMMA), as well as a combination 
of same, depending on environmental aspects and costs. Figure 1b shows the plan of a barrier made with concrete noise panels. 

The distribution of the pressures along the barrier’s height due to the passing train, p(y) is not constant, reaching a maximum 
at the lower part, Fig. 2a. The variation with the vertical abscissa y has been experimentally obtained from in situ measurements 
and it is described by a polynomial function, depending on the train’s speed and the rail-barrier distance [4]. By observing the 
behavior along the longitudinal direction, the pressure wave propagates with speed equal to that of the train. The pressure 
dynamic signal is characterized by two main not symmetrical impulses, corresponding to the head and tail of the train, 
connected by oscillations of minor amplitude, as reported in Fig. 2b where the normalized time history of the excitation g(t) is 
depicted. The time interval of the pressure dynamic signal is a function of the train velocity. By examining the Fourier transform 
of the pressure dynamic signal in the frequency domain it can be observed that the main amplifications are in the range of 0-5 Hz, 
with a maximum around 2.7 Hz for a train speed of 325 kph.  

Experimental outcomes, obtained during testing campaigns on noise barriers [4], evidenced the dynamic interaction with the 
train increasing with the velocity. Concerning the structural response of the noise barriers, the time-history develops through a 
higher number of cycles compared to those of the input pressure, which is important for the column fatigue phenomenon. 
Moreover, tests and finite element analyses conducted on the barriers showed that the columns substantially behave in the first 
mode and each one deflects independently from the others [4]. For this reason, it seems reasonable to model each column, with 
the associated part of paneling, independently as a generalized single degree of freedom (SDOF) system, Fig. 1c. 

Columns of noise barriers are cantilever beams with distributed mass ( )m y  and flexural rigidity ( )EI y , functions of the 
abscissa y along the barrier height (0 ≤ y ≤ H). The deflection of the beam is described by a shape function ( )yψ , that 
approximates the fundamental vibration mode, multiplied by the displacement quantity x1(t). The equation of motion of the 
generalized SDOF system is:  

 
2

1 1
1 1 1 12

( )
d x dx

m c k x F t
dt dt

+ + =  (1) 

with generalized mass m1, stiffness k1 and force induced by train passage 1( ) ( )F t F g t=  defined by: 

 [ ]2 2
1 1 1

0 0 0

( ) ( ) , ( )[ ( )] , ( ) ( )
H H H

m m y y dy k EI y y dy F q y y dyψ ψ ψ′′= = =∫ ∫ ∫  (2) 

where q(y) is the distributed load for unity of column length, q(y)=p(y)·i, with i interaxle spacing between two columns, Fig. 1b. 
The natural circular frequency of the SDOF system is 2

1 1 1( / )k mω = , whereas the damping coefficient is given by 1 1 1 12c mξ ω= , 
where 1ξ  is the structural damping factor. The presented case study refers to a 4 m high rail noise barrier, made with H section 
steel columns and concrete paneling. The structure is a cantilever beam with a 3 m wide paneling area, equal to the interaxle 
spacing between two columns. The total mass m1 is estimated considering the sum of the column and the paneling masses and a 
damping factor 1 2%ξ =  is assumed according to the experimental results [11]. Table 1 summarizes the geometrical and inertial 
characteristics of the generalized SDOF system considered.  
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Fig. 1. a) Barriers types on HSLs, b) column and concrete barrier plan and vertical section, c) schematic representation of the model adopted for the 
barrier. 

a)

y
 [
m

]

 b) c)  

Fig. 2. a) Train forcing hydrodynamic pressure along the barrier’s height and b) normalized forcing action time history, for train velocity 325 kph, c) 
Fourier transform of the forcing action. 

 

It is worth noticing that the barrier frequency f1=5.65 Hz is not in the zone of maximum amplification of the train forcing 
action, which has a maximum peak around 2.7 Hz for a train velocity of v=325 kph, nevertheless, its safety against fatigue is not 
satisfactory, since the structure is subjected to numerous high stress cycles. As shown in the following Sections, the primary 
structure with the attachment is modelled as a 2DOF oscillator, Fig. 3a. 

3. Hysteretic Attachment Constitutive Model 

The restoring force f(x) of the attachment has a hysteretic behavior described by the Bouc-Wen model [47, 48]: 

 2( ) ( )f x k x z x= +  (3) 

where x=x2-x1 is the relative displacement between the two masses m1 and m2, Fig. 3a. The hysteretic part z(x) is obtained by the 
following nonlinear differential equation: 

 sgn | |nd

dz dx dx
k z z

dt dt dt
γ β

       = − +         
 (4) 

where the quantities kd, , , n are the constitutive parameters of the Bouc-Wen law. The positive exponential parameter n is 
taken equal to 1; this value of n is suitable in the simulation of many applications and ensures that the transition from elastic to 
the post-elastic branch is not abrupt.  

The hysteretic loops of the restoring force (Fig. 3b) can be obtained in closed form as described in [28], where it has been 

shown that the behavior of the hysteresis loop can be significantly modified by varying the parameters  and : the case / 1γ β =  

corresponds to a fully hysteretic loop which exhibits the maximum energy dissipation, the case / 1γ β > , which is represented 

by the red curve in Fig. 3b, leads to a reduction of the energy dissipation. Only the case  / 1γ β = , which is more suitable to the 

application herein dealt with, is considered. It is worth noticing that, as shown in Figs. 3c and 3d, the stiffness and damping 
characteristics of the hysteretic absorber depend on the cycle amplitude x . In particular, the equivalent stiffness ke as a function 
of x can be expressed in the following form [28]: 

 ( )
2( ) (1 )

( )
xd

e

k
k x k e

x
β γ

β γ

− += + −
+

 (5) 

Table 1. Dynamic properties of the primary system. 

m1 [kg] k1 [N/m] c1 [N sec/m] F1 [N] f1 [Hz] 

1220.7 1.5326 106 1730.1 1840.1 5.65 
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Fig. 3. System under investigation. a) 2DOF mechanical model; b) Bouc-Wen restoring force loops for / = 1 and 20; c), d) the secant stiffness ke and 

damping factor e versus the cycle amplitude x ; e) first loading branch. 

 
Furthermore, the equivalent damping ratio eξ , defined as the value of damping of a viscoelastic device which dissipates the 

same energy of the HVA in a cycle of amplitude x , is given by: 

 
2

1
( ) ( )

2e

e

x z x dx
k x

ξ
π

= ∫�  (6) 

According to Eq. (6), the damping factor reaches a maximum at some displacement amplitude, then decreases, Fig. 3d.  
As far as the stiffness properties of the device are concerned, it should be observed that, according to Eq. (5), the equivalent 

stiffness decreases with the amplitude varying from 2( )dk k+  to 2k : 

 2 2
0

lim ( ) , lim ( )e ed
x x

k x k k k x k
→ →∞

= + =  (7) 

Thus, the hysteretic absorber possesses an initial stiffness 2( )dk k+  denoted hereafter with kA, and a post-elastic stiffness k2 
denoted with kB; their ratio is the hardening coefficient  ( < 1):  

 2 2, , B
A Bd

A

k
k k k k k

k
δ= + = =  (8) 

Finally, Fig. 3e shows the first loading branch and the bilinear curve characterized by the initial and post-elastic stiffness kA 
and kB: the intersection point of the bilinear curve identifies the force fy and the displacement xy at yielding. 

4. Equations of Motion of the Structure with Attachment 

According to the previous sections, the noise barrier with the attachment of mass m2 is modelled as 2DOF oscillator, Fig. 3a. 
The dimensional equations of motion of system subjected to a time-dependent force F(t) can be written in the following form: 

 
2

1 1
1 1 1 1 22

( ) ( )
d x dx

m c k x k x z x F t
dt dt

+ + − − =  (9) 

 
2

2
2 22

( ) 0
d x

m k x z x
dt

+ + =  (10) 

 sgn | |nd

dz dx dx
k z z

dt dt dt
γ β

       = − +         
 (11) 

where, as already introduced, x=x2-x1. As it has been shown in Section 3, the hysteretic attachment has a stiffness depending 
in a nonlinear way on the relative displacement amplitude and varying from kA for small amplitudes to kB for large displacements, 
Eqs. (7)-(8). As a consequence, the nonlinear frequencies of the system depend on the amplitude as well and vary from iA to iB 
according to the following equations [28]: 

 
2

2 2
1 ,2 1

( ) ( ) 4

2A A

ν µν µδ ν µν µδ µνδ
ω ω

δµ

+ + + + −
=

∓
 (12) 

 
2

2 2
1 ,2 1

( ) ( ) 4

2B B

µ ν µν µ ν µν µν
ω ω

µ

+ + + + −
=

∓
 (13) 
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a)             b)  

c)  d)  e)  
 
Fig. 4. 2DOF near (1:1) internal resonance. Frequency-response curves of x1 (a) and x b) for increasing amplitude (=0.5-2.5); c)-e) comparison with the 

SDOF system response for different forcing amplitudes. Optimal case (c) and detuning (d and e). 

where  = m2/m1 and  = k2/k1 denote the ratio between masses and elastic stiffness of the primary structure and the attachment. 

5. Internal Resonance (1:1) 

Linear viscoelastic attachments have been extensively studied in the literature [12-20] and the criterion proposed by Den 
Hartog [12] for an optimal vibration mitigation has been exploited in many numerical studies. However, in real cases, e.g. when 
rubber elements or steel wire ropes are adopted to build the device, it has been observed that the viscoelastic behavior cannot 
satisfactorily describe the restoring force of the attachment [46]: hysteretic models are more suitable to represent the actual 
behavior.  

Thus, in the present study, it is considered a hysteretic absorber designed near the (1:1) internal resonance condition, by 
analogy with the linear viscoelastic case proposed by Den Hartog, where the frequency of the attachment is close to the 
frequency of the primary system. To this end, suitable initial parameters of the system are adopted: a mass ratio =m2/m1=0.05 
with respect to the primary structure mass, which guarantees a light absorber and a ratio between stiffnesses =k2/k1=1/105. They 
lead to an initial frequency ratio rA=2A /1A close to 1.35, which is candidate to reach the optimal value with increasing oscillation 
amplitude. A fully hysteretic loop is adopted for the Bouc-Wen law with ==180 and =0.15. 

The main dynamic characteristics of the 2DOF system are well described by the frequency response curves of the primary 
structure subjected to a sinusoidal force, ( ) sin( )yF t f t= Γ Ω . Unlike the linear tuned mass damper, the behavior of the hysteretic 
attachment and its effectiveness depend on the excitation level . In particular, Figures 4a and 4b report, for increasing excitation 
amplitudes, the frequency response curves of the primary structure displacement and of the absorber relative displacement. 
Figures 4c and 4e illustrate the comparison of the structure response with (solid line) and without (dotted line, primary SDOF 
system) hysteretic attachment for three excitation amplitudes. For low values, Fig. 4a and 4b, the ratio between the two resonance 
frequencies is greater than the optimal value, around 1.2; the equivalent stiffness is greater than the optimal ko and the first 
resonance peak is higher than the second one, due to the detuning circumstance, as also shown in Fig. 4d. For increasing 
amplitude, in the excitation range near =1.4 (red curve in Fig. 4a,b), the stiffness and damping of the hysteretic attachment reach 
their optimal values corresponding to a frequency response exhibiting two equal peaks; for this intensity the effectiveness 
resembles that of a viscoelastic tuned mass damper (VTMD) with a remarkable mitigation of the primary system vibrations. This 
is clearly shown in Fig. 4c, where, around 1 the maximum response amplitude of the primary system experiences about a 80% 
decrease when the hysteretic attachment is present (red line); in the same figure the ideal case of the VTMD is shown by the blue 
curve. For larger excitations, Fig. 4e, the equivalent stiffness is lower than the optimal k0 and the peak of the second mode is 
amplified: then the mitigation capability of the hysteretic attachment is weakened with a reduction of about 35%. It can be stated 
that an optimal excitation range for the functioning of the hysteretic attachment is around =1.4. 

This investigation is very useful in the initial design procedure because it provides the range of oscillation amplitudes (red 
curve in Fig. 4b) where the absorber is effective. This range of amplitudes should be experienced by the primary system and the 
absorber under the non-stationary train loading. 

6. Parametric Analysis and Design of the Hysteretic Vibration Absorber 

The design of the hysteretic absorber to reduce the vibrations of the barrier (whose dynamic properties are reported in Table 1) 
due to the train passage implies a proper choice of the parameters m2, k2, kd, , , n. According to the results synthetically described 
in Fig. 4, for the steady-state vibrations the absorber parameters must be selected in such a way to reach the stiffness k0 at the 
oscillation amplitude of the optimal linear tuned mass damper under the same external force. Since the structure response under 
the train is nonstationary, the optimal values of the parameters are determined by updating the initial values through a 
parametric analysis. 

The absorber mass is chosen, as in Section 5, in order to have a mass ratio =m2/m1=0.05. The stiffness k2 and kd are calibrated 
by varying the initial stiffness kA and the hardening ratio , Eq. (8). The initial stiffness has been assumed greater than the optimal 
stiffness of a viscoelastic absorber, k0=67768 N/m, designed for the same action according to Den Hartog theory [12], as 
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0Ak kα= with >1, and it is varied by changing  among the values 1.5, 1.7, 1.9. For the hardening ratio  two values have been 
assumed: 0.15 and 0.30. Concerning the parameters governing the hysteresis shape, full hysteresis laws are adopted with = and 
varying them in the range 10-450, whereas n has been assumed equal to 1. 

To assess the effectiveness of the absorber to mitigate the vibration of the barrier, a performance index evaluated on the basis 
of the rms of the response is considered: 

 1

1

( ( ))
1

( ( ))
HVA

p

NA

rms x t
i

rms x t

  = −   
 (14) 

where 1 ( )HVAx t  and 1 ( )NAx t  are the primary system displacements with the HVA attachment and with no attachment (NA), 
respectively. By maximizing the index ip, the design parameters of the absorber are obtained. Since the tuning of the absorber 
depends on the loading intensity, it is considered a pressure corresponding to a train at reference speed of 325 kph. 

The response of the system to the train pressure is obtained by numerically integrating the equations of motion (9)-(11). The 
performance index for the two values of the hardening ratio  and three values of the initial stiffness is reported versus  in Fig. 
5a. For each curve with given initial stiffness and hardening ratio, there exists a  value that maximizes the performance index 
indicated with vertical lines. By increasing the initial stiffness and the hardening ratio, once reached the maximum, the slope of 
each curve becomes less steep. Optimal * increases by increasing the initial stiffness, it is modestly influenced by the hardening 
ratio for high values of the initial stiffness, but, at the lowest value of initial stiffness, the maximum performance index of 0.42 is 
reached at the same optimal *=180, obtained for both values for =0.15 and 0.30. It is worth noticing that, for the same amplitude, 
the restoring force reaches higher values by increasing the hardening ratio, moreover the most dissipative cycles, for given , are 
obtained for the lowest value of the initial stiffness. Although the shape of the two cycles for lowest initial stiffness is quite 
different, the response in terms of performance index is substantially analogous (ip =0.42).  

It seems interesting to analyze the performance of the same system with respect to free vibrations. In fact, the impulsive 
action has similarities with the forcing action of the train, but this case can be more simply reproduced with experimental tests. 
The initial conditions, given in terms of displacement of the two masses, correspond to the maximum displacement of the barrier 
with no attachment for train passage at speed 325 kph: x1(0)=x2(0) =3.4 mm. 

a)  

b)  

Fig. 5. Parametric analysis with train excitation at v=325 kph. a) The performance index versus  for three values of , and  = 0.15, 0.30. The vertical 
lines indicate the optimal  for each curve (the black dot represents the ip value for the parameters experimentally identified in Sect. 8); b) force 

displacement hysteretic cycles in the optimal cases for  =0.15 and =0.30. 

 

Fig. 6. Free vibrations with initial displacement x1(0)=x2(0) =3.4 mm. The performance index versus  for three values of the parameter  and  = 0.15, 
0.30. The vertical lines indicate the optimal  for each curve. 
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Table 2. Design parameters of the hysteretic absorber. 
k2 [N/m] kd [N/m] = [1/m] n  

30480 71121 180 1 0.30 

 
In Fig. 6, the parameter sensitivity analysis, previously performed for the train excitation, is repeated for the case of free 

oscillations. It can be noticed that, also in this case, each curve with given initial stiffness and hardening ratio exhibits a 
maximum performance index at a specific  value. All curves have a well-defined maximum and then decrease: optimal * 

increases with the initial stiffness and the hardening ratio. However, when the initial stiffness is low, optimal * is similar for the 
two hardening ratios considered and is similar to that obtained with the train forcing action. The choice that maximizes the 
performance index is the one with =1.5 and =0.30, as in the case of the train, and maximum ip of 0.46 is obtained for =*=150. 
The results of the optimization procedure are very close to those considering the train loading. 

The design parameters of the hysteretic absorber, selected from the parametric analysis, under the train excitation, are 
reported in Table 2. 

7. System Response 

The response of the 2DOF system, which represents the barrier with the hysteretic absorber designed as discussed in Section 
6, to train excitation and to initial conditions (free vibrations) is reported in terms of displacement time history of the barrier and 
force displacement hysteretic cycles of the absorber. For comparison purposes, the responses obtained in the case of the ideal 
viscoelastic absorber are also reported. 

7.1 Train excitation 

The response of the barrier with hysteretic absorber (HVA) and with no attachment (NA) to the train passage is shown in Fig. 
7a. The time history has two peaks corresponding to the head and tail of the train, with first peak greater than the second and 
lower amplitude cycles in between. By comparing the two responses, the effectiveness of the hysteretic vibration absorber 
emerges: after first few oscillations in fact, the response is efficiently reduced. The number and amplitude of the oscillation cycles 
between the two pulses and after the second one is reduced and this is crucial to prevent the fatigue phenomenon typical of 
these structural elements. Figure 7b shows the hysteretic cycle of the absorber which has maximum displacement around 6.6 mm 
and restoring force around 400 N, corresponding to the main pulse and then the absorber experiences cycles of lower amplitude. 
The performance index reached is ip =0.42. For comparison, in Fig. 7c the response of the barrier with a VTMD is reported; only 
slight differences can be observed in the time-history of the primary system, exhibiting a performance index ip =0.43. In Fig. 7d the 
cycles of the restoring force, sum of damping and elastic components, is reported for completeness. 

7.2 Free vibrations 

Figure 8a shows the barrier response to free vibrations and non-zero initial displacement with hysteretic absorber (HVA) and 
no attachment (NA). The displacement time history when adopting the hysteretic absorber is immediately reduced after the first 
oscillations and tends to zero after few seconds. The effectiveness of the control system is evident comparing the response with 
no attachment. Figure 8b shows the hysteretic cycle of the absorber which has a maximum displacement around 8 mm and 
restoring force lower than 500 N, few cycles of higher amplitude are then followed by cycles of modest amplitude. The 
performance index reached in this case is ip =0.46. For comparison, in Fig. 8c,d the time history response and restoring force loops, 
when a VTMD is used, are reported; also in this case, slight differences can be observed in the time-history of the primary system, 
exhibiting the same performance index ip =0.46. These results show that the analysis of free oscillations is able to give similar 
results obtained using the actual train excitation. This is only of a little importance in the numerical investigations, but it is of 
great importance when an experimental validation of the absorber effectiveness is pursued. 

8. Prototype Absorber and System Response  

8.1 Experimental characterization of the absorber 

Based on the design presented in Section 6, the hysteretic absorber has been made of a mass realized with a square steel plate 
of 61 kg placed on four high damping rubber elements in proximity to the plate corners. Each element has 20 mm diameter with a 
total of 8 mm rubber thickness and 1 mm of steel shim in order to achieve the target shear strain around s=100%, corresponding 
to the expected maximum displacement of the HVA. The nominal equivalent horizontal stiffness of each rubber element is 16000 
N/m and the shear modulus of the blend is 0.4 MPa. A sketch of the element is reported in Fig. 9a showing plane and lateral view. 

Characterization tests have been conducted on each rubber element at different values of the shear strain s=25, 50, 100%. 
Cyclic tests at prescribed displacement were performed using the Zwick-Roell universal testing machine at a frequency of 0.2 Hz, 
Fig. 9a. The machine load cell and displacement transducer were utilized to measure force and displacement. For each test, five 
cycles have been made and the constitutive parameters are estimated on the third cycle; the experimental results are reported in 
Fig. 9b. 

An identification procedure has been applied to determine the optimal constitutive parameters by minimizing the difference 

between experimental and analytical values of the restoring force, which are furnished by the Bouc-Wen model, Eqs. (3)-(4), and 

depend on the parameters vector { }2 , ,
T

dc k k β= , having assumed n=1 and =. An initial guess vector { }0 20 00, ,
T

dc k k β=  is chosen 

in an appropriate range of values. Due to measurement noise and model error, the constitutive parameters are determined by 

minimizing the function ( )b c : 
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N f=

 −  =    
∑

ɶ

ɶ
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where N is the number of time instants ti at which the experimental and analytical force, if
ɶ  and ( )if c  respectively, are 

compared, and af
ɶ  is a mean value of the experimental force used to normalize the difference. 

The numerical restoring force is computed at each displacement di+1 as: 

 21 1 1i i if k d z+ + += +  (16) 
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a) b)  

c) d)  

Fig. 7. a) Time history of the primary structure displacement with no attachment (NA) and with HVA; b) restoring force hysteretic loop; c), d) 
VTMD attachment: time history of the primary structure and restoring force loop. Train speed 325 kph. 

a) b)  

c) d)  

Fig. 8. a) Time history of the primary structure displacement with no attachment (NA) and with HVA; b) restoring force hysteretic loop; c), d) 
VTMD attachment: time history of the primary structure and restoring force loop. Free vibrations x1(0)=x2(0) =3.4 mm. 

a)           

Fig. 9. a) Sketch of the hysteretic absorber and experimental setup, Legend: 1) rubber layer, 2) steel shim, 3) connection plate, 4) hexagonal 
hollow screw; b) experimental loops at different values of the shear strain s; c) comparison of the numerical and experimental hysteresis loops 
for different values of the shear strain s. 
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b)                     c)  

Fig. 9. Continued. 

a) b)  

Fig. 10. a) Time history of the primary structure displacement with no attachment (NA), and HVA experimentally identified; b) Force displacement 
loops. Train speed 325 kph. 

and 

 ( )1

1

sgn | |ni i
d i i i

i i

z z
k v z z

d d
γ β+

+

−  = − + −
 (17) 

evaluated by central difference method with 1( ) /i i iv d d t+= − ∆ .  

At the end of the process, the suitability of the set of parameters identified is estimated computing the mean error between 
experimental and numerical data evaluated with the identified parameters: 
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| ( ) |1 N
i i

i a
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e
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−
= ∑

ɶ

ɶ
 (18) 

 

Cyclic tests at the three different shear strain values have been utilized in the identification with the aim to find an optimal 
set capable to describe accurately the experimental response at different amplitudes. In Fig. 9c, the results of the identification 
are shown in terms of hysteretic cycles, comparing the experimental and numerical response at the three amplitudes. The 
identified model (Table 3) fits satisfactorily well the experimental response. The identified initial stiffness, kA, corresponds to 
coefficients =1.9 and =0.3 which is close to one of the constitutive loops reported in Fig. 5b, case =1.9, =0.3, =400. 

The realized absorber, with parameters experimentally identified (=1.9 and =0.3, =430) and slightly different from the 
optimal values, still has advantageous performances ip =0.41 near to the optimal case, as represented with a black dot in Fig. 5a, 
due to the flatness around the maximum of the curve. 

8.2 System response 

The response of the 2DOF system with the actual absorber, whose parameters were experimentally identified (Table 3), to 
train excitation and free vibrations is shown in terms of displacement time history of the barrier and force displacement 
hysteretic cycles of the absorber in Figs. 10 and 11 respectively. 

In Fig. 10 the effectiveness of the realized absorber is evident by comparing the two responses with (HVA) and without 
attachment (NA). The reduced number and amplitude of the oscillation cycles well contrast the barrier fatigue. Figure 10b shows 
the hysteretic cycle of the absorber which has maximum displacement around 6.7 mm and restoring force lower than 400 N, at 
the main pulse. The cycle shape, which differs from the target one reported in Fig. 7b, still guarantees high dissipative capacities 
and the performance index is ip =0.41 similar to the value of the optimized absorber, as said before.  

Figure 11a shows the response of the barrier to non-zero initial displacement with (HVA) and without attachment (NA). Also in 
this case, the response of the primary structure with hysteretic absorber is immediately reduced and rapidly goes to zero. Figure 
11b shows the cycles of the absorber which has maximum displacement around 8.4 mm and restoring force lower than 500 N; few 
cycles of higher amplitude are followed by cycles of low amplitude. Even in this case, free oscillations give similar results of the 
forced response about the absorber effectiveness. 

Table 3. Identified parameters of one of the four elements that realize the hysteretic absorber having assumed n=1 and = 

k2 [N/m] kd [N/m]  [1/m] 

10960 21750 430 
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a) b)  

Fig. 11. a) Time history of the primary structure displacement with no attachment (NA) and HVA experimentally identified; b) Force 
displacement hysteretic loops. Free vibrations x1(0)=x2(0) =3.4 mm. 

a) b)  

Fig. 12. a) Forcing action time history for three different train speeds; b) Fourier transform envelope. 

      v=300 kph               v=325 kph          v=350 kph 

 

 

Fig. 13. Time histories of the primary structure displacement with no attachment (NA), and HVA experimentally identified. Force displacement 
hysteretic loops of the HVA. Train speed v=300, 325, 350 kph.  

9. Sensitivity analysis to train speed variations 

The design and tuning of the hysteretic absorber were made with reference to a train speed of 325 kph. It was shown however, 
that the absorber performance depends on the oscillation amplitude, which is related to the excitation intensity. It is therefore 
useful to assess its performance with a sensitivity analysis varying the train speed in order to verify the consequence of a 
possible detuning. In the analysis a decreased value of 300 kph and an increased value of 350 kph with respect to the reference 
case are investigated. These boundary values were chosen considering that train speeds lower than 250 kph do not produce 
appreciable dynamic amplification of the barriers response, whereas the upper value of 350 kph is a limit for the high speed line 
and train design. 

Figure 12 depicts the time history of the forcing action and the Fourier transform envelope of the signals for the three speed 
values. By observing the input time history in Fig. 12a, it is possible to notice that increasing the speed the amplitudes of the two 
main pulses increase while the time interval of the action decreases. It reflects on the frequency content, Fig.12b, which has the 
main amplification that moves to higher frequencies when the speed increases while the amplitude and shape of the envelope do 
not change noticeably. It is evident that at lower speeds the frequency content of the action moves away from the resonance of 
the barrier and the dynamic amplification is therefore reduced, instead by increasing the speed the main action frequency 
content moves closer to the barrier frequency and for this reason its effectiveness must be verified.  



Vibration mitigation of rail noise barriers by hysteretic absorbers   
 

Journal of Applied and Computational Mechanics, Vol. 7, No. SI, (2021), 1205-1217 

1215 

Table 4. Performance index values ip varying the train speed. 

 v = 300 [kph] v = 325 [kph] v = 350 [kph] 

ip designed HVA 0.36 0.42 0.39 

ip realized HVA 0.36 0.41 0.38 

 
The performance indices estimated at the three different speeds for the 2DOF system equipped with the designed and the 

realized absorbers are reported in Table 4. For a decrease of the speed from the reference case, the performance index decreases, 
equally for the designed and realized absorbers, still reaching a quite high value. The frequency content of the action in this case 
is moving far from the resonance of the barrier; for this reason, the amplification is lower and the effectiveness of the absorber, 
which undergoes smaller relative displacements, diminishes. When the train speed is increased, also in this case the performance 
decreases, however still guaranteeing good vibration reductions, indeed the index ip ranges between 0.39-0.38 for the designed and 
realized devices. So, it can be noticed that also varying the trains speed the performances of both the designed and realized 
absorbers are very similar and effective as well. 

Figure 13 reports the time history of the barrier displacement with hysteretic absorber (HVA) and no attachment (NA) and the 
relevant restoring force loops for the three velocities. It is possible to observe that as the speed increases the maximum 
displacement increases as well. The effectiveness of the hysteretic absorber slightly decreases when the speed is different from 
that considered in the design (325 kph). In any case, for small variations of the train speed the absorber performance in reducing 
the barrier oscillations is still confirmed. 

10. Conclusion 

A strategy to mitigate the noise barrier vibrations due to the train passage in high speed lines was proposed in this paper. A 
nonlinear hysteretic vibration absorber, modeled, designed and experimentally identified, was attached to the barrier columns 
and, taking advantage of the relative motion between the two masses, the input energy was efficiently dissipated with a notable 
reduction of the primary structure response.  

The barrier was modelled as a generalized single degree of freedom system, whereas the absorber was modelled with a light 
mass attached to the main structure through a hysteretic element described by the Bouc-Wen model. The equations of motion of 
the resulting 2DOF system were derived and for control purposes suitable conditions occur when the two oscillators, the primary 
structure and the attachment, are close to the resonance conditions (1:1). However, due to its hysteretic nature, the absorber 
behaves in nonlinear way and its stiffness and damping properties depend on the oscillation amplitude, reason why it must be 
carefully tuned. 

The study of the response to harmonic excitation with increasing intensity is useful to understand that the absorber is 
effective in a well-defined range of oscillation amplitude, where an optimal tuning with the primary structure occurs and the 
equivalent stiffness and damping of the absorber resemble those of the optimal viscoelastic tuned mass damper. Since the 
response to train loading is nonstationary and the amplitude of oscillations is not constant, the characteristics of the hysteretic 
element assumed on the basis of the preliminary study under harmonic excitation are optimized by a parametric analysis varying 
its characteristics in a selected range and maximizing a performance index evaluated using the rms of the barrier response to the 
train excitation. Moreover, it has been shown that the optimal choice of absorber parameters can be suitably performed on the 
basis of the free vibrations. In fact, the same optimal constitutive law is obtained from free response; this result is of valuable 
interest because it is much easier to be experimentally reproduced and notably simplifies the experimental validations of the 
devices. 

The hysteretic element of the absorber was realized exploiting the use of four high damping rubber elements and its 
constitutive parameters were identified through experimental laboratory tests. The effectiveness of the rubber absorber was 
assessed by performing dynamic analysis of the two degrees of freedom system under the train excitation and comparing its 
performances with those of the originally designed. It was shown that the realized absorber substantially behaves as the designed 
one in terms of performance index and barrier response reduction. Finally, a sensitivity analysis of the performance varying the 
train speed was reported. It was highlighted that even if the nonlinear absorber is amplitude dependent and requires a specific 
tuning, its effectiveness in the mitigation of the barrier response is confirmed in the most critical range of possible speeds for 
trains in the high speed railways. 
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Nomenclature 

b Function to minimize for the identification p(y) Pressures distribution due to passing train 
c1 Generalized barrier damping coefficient q(y) Distributed load for unity of column length 
c  Vector of parameters to identify rA Frequencies ratio at hysteretic initial stiffness 
e Error function v Train velocity 

EI(y) Distributed stiffness x(t) TMD relative displacement 
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f(x) Attachment restoring force x  Hysteretic cycle amplitude 
f1 Barrier frequency x1HVA Barrier displacement with hysteretic absorber 

af
ɶ  Mean value of the experimental force x1NA Barrier displacement with no absorber 

,i if fɶ  Experimental and analytical force xi(t) Generalized displacement of barrier and TMD (i=1,2) 

fy Yielding force xy Yielding displacement 
F (t) Loading time history y Vertical abscissa 
g(t) Normalized loading time history z(x) Hysteretic part of the restoring force 
H Barrier height  Parameter regulating the shape of the hysteresis loop 
i Interaxle spacing between two columns * Optimal value of the parameter 
ip Performance index  Parameter regulating the shape of the hysteresis loop 
k1 Generalized barrier stiffness s Shear strain 
k2 Absorber post elastic stiffness  Hardening coefficient 
kA Absorber initial stiffness  Mass ratio 
kB Absorber final stiffness  Stiffness ratio 
kd Stiffness of the hysteretic component of the force 1 Barrier damping factor 
ke Equivalent stiffness e Equivalent damping factor 
k0 Optimal stiffness (y) Shape function 
l1 Generalized force due to train passage 1 Barrier natural circular frequency 

m1 Generalized barrier mass iA 2DOF frequencies at hysteretic initial stiffness (i=1,2) 
m(y) Distributed mass iB 2DOF frequencies at hysteretic final stiffness (i=1,2) 

n Parameter regulating the transition of the hysteresis loop   
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