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Abstract  

 

Continuous industrial development also entails negative effects such as increasing the 
intensity of road traffic or the use of more efficient but louder and vibration-producing 

industrial equipment. This generates high-intensity acoustic waves, which, apart from adverse 

effects on people, cause vibrations in historic architectural structures that can propagate 
throughout the building and affect exhibits. Strictly defined vibration frequencies even at low 

intensity can lead to resonance phenomena and destruction of the object. Modern phononic 

crystals, due to the occurrence of the phononic bandgaps phenomena (waves with given 
frequencies do not propagate in the structure) allow to eliminate unfavorable frequencies and 

to significantly reduce the energy carried by mechanical waves. The use of a genetic 

algorithm along with the transfer matrix method with a properly selected objective function 
proposed in the article allows for the design of quasi-one-dimensional structures allowing the 

construction of acoustic barriers with optimal properties that allow protection against 

mechanical waves of high intensity of particularly valuable places. As an example, the design 
of transparent 10, 15 and 20-layer barriers made of glass and PVC is shown. A significant 

reduction in the sound pressure level for the acoustic frequency range has been demonstrated. 
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Introduction  

 

Noise is considered an important factor in public health. It is a common cause of 

irritation for people exposed to its effects. Noise affects the general state of human health [1]. In 

particular, noise can be a source of stress and lack of concentration. It may also affect sleep 

disturbances and cause cardiovascular changes, and may exacerbate other previous 

physiological disorders. However, noise has an impact not only on humans, but also on objects 

in which man resides and objects in the human environment. Thus, historic objects that are 

particularly important for us are also exposed to noise and as a result also to vibrations. 

When considering the issue of protection against noise of historic buildings, it is 

necessary to take into account both the impact of noise on the facade of such objects as well as 

the impact on people who stay in such objects. The first case occurs when an acoustic impact on 

the facade causes its vibrations. Research on such an issue was presented by A.T. Lloret et. al 
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[2]. The authors analyzed the impact of the vibroacoustic factor on the vibrations of a historic 

building. In the second case, the acoustic impact on the building is analyzed in terms of the 

well-being of the people who stay in it. Hence, research is more focused on the insulating 

properties of flats [3]. Still other works include studies on sound insulation of building facades 

[4, 5]. The authors examined to what extent the facade material attenuates noise depending on 

the frequency of the noise source. 

To protect against noise, it can be place acoustic screens along roads, bypasses, 

highways or railways to separate noise sources from the exposed environment. Most of these 

barriers have a limited acoustic effect due to the reduced geometric shadow zone behind the 

barrier produced by the diffraction of acoustic waves on the upper edge of the barrier [6]. In 

addition, acoustic screens of this type are usually continuous walls with a negative impact on 

the landscape. They are impermeable to sunlight and provide considerable resistance to airflow. 

Acoustic barriers based on phononic crystals (PnC) are completely different barriers. 

Research on phononic crystals began intensively at the end of the 20th century [7-9]. One of the 

first works on acoustic barriers research was work [10]. In this work have been examined how 

the perception of auditory distance is modified for a particular sound field: the transmitted field 

of an acoustic source through a phononic crystal slab. An interesting analysis of the sound wave 

propagation through the phononic barrier in field conditions is presented in [11]. In this work, 

Sanchez-Perez et al. presented the results of outdoor experiments for two-dimensional audio 

structures, from which it can be concluded that these structures are appropriate devices for 

reducing noise under free field conditions. Carried out in [12] the perceptual analysis shows that 

a noise barrier made of a PnC is able to attenuate the loudness of a noise source in the band 

gaps in the same level as a usual free-standing noise barrier. 

An interesting property of the PnC acoustic barrier is the ability to suppress specific 

frequencies in the spectrum of noise (due to destructive interference) propagating through the 

barrier. This opens the possibility of protecting monuments also by eliminating from the 

spectrum noise frequencies that could become the cause of their resonance vibrations. 

 

Methods, results and discussion 

 

The work analyzes acoustic barriers surrounded by air at a temperature of 20 degrees 

Celsius with a mass density of 1.21kg/m
3
 and a sound velocity of 343m/s [13]. The structures 

consisted of lossless layers of glass (material A – mass density 3880kg/m
3
 and sound phase 

velocity 4000m/s [14]) and PVC (material B – mass density 66kg/m
3
 and sound phase velocity 

913m/s [13]) each 1.0cm thick. Transparent materials with significantly different material 

parameters were used to build the structure. This selection of layers causes a large difference in 

acoustic impedance, which significantly increases the reflectance between the layers. The sound 

source intensity was assumed to be 90dB and the reference pressure value was 2·10
-5

Pa. The 

propagation of mechanical wave in the structure was analyzed using the transfer matrix method, 

while the optimization of the structure was performed using a genetic algorithm. 

The transmition of an acoustic wave propagated through a quasi one-dimensional 

acoustic structure built of many layers was investigated using the transfer matrix method 

(TMM). This is a general method for predicting transmission and reflection coefficient in 

multilayer structures. This method was successfully used in [15-20]. The authors O. Dazel et al 

[15] presented a general way of determining the acoustic reflection coefficients and 

transmission coefficients of multilayer panels. The TMM algorithm was used by S. Garus and 

W. Sochacki [16] to study the power spectrum and phononic properties of Severin's quasi-one-

dimensional aperiodic structure. The issue of sound wave propagation in a one-dimensional 

water channel containing many air blocks was investigated (using TMM) by P.G. Luan and Z. 

Ye [17]. Similarly, M.M. Sigalas and C.M. Soukouliss [18] studied the propagation of elastic 

waves in multilayer structures made of two different materials using the TMM method. The 
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analysis of three types of multilayer structures (binary-periodic, quasiperiodic and aperiodic) 

with a defect in the form of a piezoelectric layer was carried out by S. Garus et al [19] using 

TMM. In paper L. Han et al [20] proposed a modified MTM transfer method for calculating the 

elastic vibrations of Euler beams as phononic crystals. In this work, the Transfer Matrix Method 

was used to investigate the possibility of noise suppression by an acoustic barrier based on 

phononic crystals. 

The matrix transmission method used in the article was described in S. Garus et al [21]. 

The mechanical wave transmission through the structure is determined as the square of the 

absolute value of the inverse of the first word of the diagonal of the characteristic matrix. This 

matrix consists of the products of the mechanical wave propagation matrix in a given layer (it is 

affected by the thickness of the layer and the phase speed of sound propagation) and the 

transmission matrix at the layers boundary (determined by the transmission and reflectance 

coefficients of given layers and the acoustic impedance of the materials). 

A genetic algorithm was used to optimize the distribution of layers in the structure. It 

involves minimizing the objective function, which was defined as the product of the normalized 

transmission integral (to reduce propagated energy) and normalized integral of the absolute 

value of the transmission functions derivative (to eliminate high transmission peaks with a 

small half width) in a given frequency range. In order to compare structures between 

populations, the value of the objective function without normalization should be determined. In 

order to eliminate the mechanical waves eigenfrequencies in order to protect monuments 

against harmful resonance phenomena, a weighted average with a correspondingly higher 

weight wf for the range around the resonance frequency and with a weight of 1-wf for the whole 

range of acoustic frequencies (up to 20kHz) should be used as a objective function. 

 After the initialization of the simulation space, the first population of 20 structures was 

generated. The value of the objective function was determined for each of random structures 

and then the population was sorted according to it. The two structures with the most favorable 

target function value are transferred to the next population without mixing genomes. The last 

two are removed from the population and random structures are selected in their place, this 

procedure, like the 1% chance of mutation of each population gene, aims to reduce the chance 

of simulation getting stuck in a minimum of local solutions space. Then the other structures are 

mixed in pairs. Multilayer systems were tested for the number of layers of 10 (Fig. 1), 15 (Fig. 

2) and 20 (Fig. 3).  
 

 
Fig. 1. Results of 10-layer structure analysis. 
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Fig. 2. Results of 15-layer structure analysis. 

 
 

 
Fig. 3. Results of 20-layer structure analysis. 

 

Preliminary analysis showed that a stable simulation result of less than 100 iterations of 

the genetic algorithm was achieved. 

Figures 1a, 2a and 3a respectively show the objective function values for the best 

individuals in each population for 10, 15 and 20 layered structures. As the state space increases, 

the amount of population necessary to find the optimal solution increases, although the 

percentage of space searched decreases significantly as shown in Table 1. Figures 1b, 2b and 3b 

show Sound Pressure Level (SPL) as a function of frequency for the best structures, and Figures 

1c, 2c and 3c respectively the worst structures from the searched space of solutions for different 

numbers of layers. The found structures are summarized in Table 1 together with the values of 

the objective function. 
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Table 1. The best and worst structures of the searched space of solution states for different amounts of layers. 

 

The number 

of layers 

Analyzed 

solution space 

Tested structures before 

finding solutions 
Analyzed structure 

Objective 

function value 

10 210 200 (19.5 %) 
Best A9B1 4000.67 

Worst A1B3A1B3A2 5005.59 

15 215 920 (2.8 %) 
Best A6B1A8 4000.61 

Worst A1B4A1B2A1B2A1B1A1B1 4693.74 

20 220 1820 (0.17 %) 
Best A5B5A10 4000.54 

Worst B2A2B1A3B2A1B6A3 6060.99 

 

Figures 1d, 2d, 3d and 1e, 2e, 3e show respectively density plot and 3D plot with SPL 

values in the frequency function for the best individuals for each generation. The evolution of 

the best structures in each population can be traced to the optimal solutions found. It can be 

seen that the increase in the number of layers affects the appearance of transmission peaks with 

a small half width. 

 

Conclusions 

 

The probabilistic nature of the genetic algorithm allows finding the best possible solution 

for a partial search of the space of all possible structures. Considering the three types of 10, 15 

and 20-layer structures constructed of lossless and transparent glass and PVC materials, it was 

shown that the properties of the acoustic barrier were slightly improved, indicating that the use 

of real materials exhibiting mechanical wave absorption would significantly improve the 

properties of the structure with more layers. All the optimal solutions found were characterized 

by a high value of the reflectance coefficient and low transmission, which means that they can 

be used as acoustic barriers to protect against the energy of undesirable mechanical waves in 

places of particularly valuable (such as around museums, monuments, monuments of culture 

and nature) allowing to protect people and exhibits. It should be noted that the algorithms used 

allow, with a properly selected objective function, to eliminate resonance frequencies from the 

mechanical wave spectrum, which makes it possible to protect fragile monuments, exposed to 

destruction even at low force values. 
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