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01 INTRODUCTION - Noise as a global problem

Drop in Property Values  Healthcare Costs 2
in Noisy Areas for Stress & Noise-Related Loss of Productivity
llinesses due to Reduced Concentration
& Fatigue

Noise pollution is a GLOBAL CHIALLENGE affecting HEALTH, NATURE, CITIES, and ECONOMIES —

demanding urgent action worldwide.
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INTRODUCTION - Noise as a global problem

COMBATING NOISE REQUIRES
—H-H#*A MULTIDISCIPLINARY APPROACH

Engineering Aspect
Noise control at the source, .y
Acoustical design, urban planning & archltedura.._

use of new porous materials &
absorpcion panels

INFENSE ACOUSTIC MODEL

DEVELOPMENT AND IMPLEMENTATION
OF ACOUSTIC KNOWLEDGE

New methods, new models, inverse acoustic
characterization, multi-criteria optimization, application
of artificial intelligence, development of active noise control

/3\ Medlcal and Blologlcal Aspect
Dectors and biologists study how noise

affects the human body and its systemic
health, ecological & social aspects

. -

INSPECTION |
\ Y /

LEGAL REGULATION

Legislation, Strategic noise maps,
Inspection oversight




POROUS MATERIALS - Introduction

S Environmental
<2 ) sustainability

Granular / Recycled Materials Granular / Recycled Materials
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POROUS MATERIALS - Introduction

Porous materials are those materials in which the solid mass is permeated
with canals, i.e. pores, interconnected in a continuous network.

The sound penetrates deep into the pores of these materials, where, due to
high friction, the acoustic energy is converted into heat.

structural
component

e

air component




POROUS MATERIALS - Introduction

Key acoustic parameters of porous materials

Airflow resistivity o ‘ Tortuosity Oy,

W\ Viscous
characteristic

length A




POROUS MATERIALS —-Airflow Resistance

1. Airflow Resistance

» |f the material is not porous enough, sound bounces off the surface (high
reflectivity)

» |If the material is too porous, sound passes through it without significant
attenuation (high transmission)

Optimal porosity allows for maximum interaction of the sound wave with

the inner surface of the material, which is crucial for high absorption
coefficients (a~1)

Airflow resistivity (o)

Porous material

(e

— [

. i
Airflow —p e Tt BT
oAl e 3 - Ny |
—p ..‘-____" LT W
S o i O b Y

airflow resistivity




POROUS MATERIALS - Airflow Resistivity

Rapid Engineering Classification

Airflow Resistivity

Material Airflow Resistivity Character

2 —10 kPa-s/m? Low resistance

5 —20 kPa-s/m? Moderate resistance

10 — 50 kPa-s/m? Variable resistance

20 —100 kPa-s/m? High resistance

Granular / Recycled Materials High resistance




POROUS MATERIALS - Porosity

Small Pores Large Pores

vvoi vvoi
Porosity (¢) = —2% x100% or ¢ = 4 <100%

total vvoid o vsolid




POROUS MATERIALS - Porosity

Rapid Engineering Classification
Porosity (¢) — Air Void Content

Material Porosity ¢ Character

80-98 % Ultra-high porosity
— Airvoids  (0.80-0.98) almost all voids

70-95 % Very high porosity
(0.70-0.95) fibrous networks

50-80 % High porosity
(0.50-0.80) bio-based composites

35-55% Medium porosity
(0.35-0.55) granular packs / recyclates

20-35 % Moderate porosity
(0.20-0.35) dense granular

5-20 % Low porosity
(0.05-0.20) compacted / solid-like

¢ = Porosity (air void fraction). Values are typical ranges for engineering materials.




POROUS MATERIALS — Tortuosity

)

/ o
Geometric length  Effective fluid path

(L) length (L)

- S+ LSS +6S))
(l1 + 1)* 515

Ko




POROUS MATERIALS — Tortuosity

Tortuosity a.., of Porous Materials
BOUNDS FROM LITERATURE

Material Tortuosity a.. (-) Character

1.0- 1.3 Almost
(typ-1.0-1.2) straight paths

1.1 - 2.0 Moderately
(typ-1.2-1.6) tortuous

1.0 - 1.2 Slightly
(typ- 1.0-1.1) irregular

GRANULAR/
RECYCLED MATERIALS

= = = Q] = 1.5 - 4.0 Highly
. - | = ) g (typ. 2.0-3.0) tortuous

Reference (literature)

Bonfiglio & Pompoli, 2013 e Jute Felt Study, 2021 o Allard & Atalla, 2009




POROUS MATERIALS - Viscous and Thermal losses

Mechanism of sound energy dissipation in porous materials:

> Viscous losses

> Thermal losses

structural
component

air component




POROUS MATERIALS - Viscous and Thermal
Characteristic Lenghts and Boundary layers

Characteristic Lengths and Boundary Layers

Characteristic Lengths Pores Diagram Boundary Layers

- - - =
Viscous: A =~ geometry & Qh‘_’)\\ Viscous penetration depth
&, | 5,= 2

Pow

/\ = effective viscous pore size B » .. 4 '.
48 2

Thermal: A’'~ geometry B T / - ' Thermal penetration depth
(& ! iy .- J2
=it

/"= effective thermal pore size | - i h
1 i : 1 1 " pocpw

Characteristic Lengths
Viscous Boundary Layer, 9,

@ Viscous: A = geometry

i e ‘: = _‘ ; 4 / :

A = effective viscous pore size | & Thermal Boundary Layer, 9,
+ .

Thermal: A’ = geometry - == Viscous Characteristic Length

A= effective thermal pore size ——~ Thermal Characteristic Length




POROUS MATERIALS - Viscous and Thermal
Characteristic Lenghts and Boundary layers

Rapid Engineering Classification

Viscous Characteristic Length A

Material Viscous Characteristic Length A @m) Character

Fine / thin pores

60 —150 pm Increasingly narrow pores
Small / Medium

100 - 300 pm Variable / irregular pores
Medium / Large

200-800 pm Variairle crirpores
Large

200-800 pm Coarse /wide pores
Large

A = Viscous Characteristic Length (um). Value: are typical ranges for engineering materials.




POROUS MATERIALS —Thermal Characteristic Lenghts

Rapid Engineering Classification

Thermal Characteristic Length A’

Material Thermal Characteristic Length A’um) Character

A’ 150-200 pm Very restricted
thermal pores

Small

200 - 300 pm Narrow thermal pores
Small / Medium

400 - 600 um Variable thermal pores
Medium / Large

500 -1000 pm Open thermal pores
Large

500 -1000 pm Therimalcxarnal pores
Large

N =Thermal Characteristic Length (um). Values are typical ranges for engineering materials




POROUS MATERIALS —Thermal Characteristic Lenghts

INVERSE ACOUSTIC CHARACTERIZATION OF POROUS
—— MATERIALS — BOUNDS FROM LITERATURE

——= General Bounds p () + K (w)

o: 1103 — 1.5x10° Ns/m? ; : :
®: 0.1 — 1.0 /\__ ¥

ao: 1 — 40
A: 10 — 500 ppm
A’: 10 — 500 pm

@ PU FOAM

o: 3k — 30k Ns/m*
@: 0.90 — 0.99

Ow: 1.0 — 1.3

A: 100— 500 um

=/ FIBROUS MATERIALS

o: 5k— 100k Ns/m*?
@: 0.70 — 0.98

awe: 1.0— 2.0

A: 10 —150 pm

A 20 — 300 ppm

;i,s";”;? BIOCOMPOSITES

oG : 20k— 50k Ns/m*“
@: 0.80 — 0.95
ocw:1.0— 1.2

A: 20 —300 pim
A’: 100 — 200 prm

GRANULAR / RECYCLED MATERIALS

o : 10k— 100k Ns/m*?
@: 0.30 — 0.80

owo: 1.5 — 4.0

A: 200 — 800 um
A’: 400 — 1000 itm

— Bonfiglio & Pompoli, 2013
— Jute Felt Study, 2021
— Allard & Atalla, 2009
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SOME METHODS FOR DETERMINING
ACOUSTIC PROPERTIES

METHODS FOR MEASURING ACOUSTIC
CHARACTERISTICS or POROUS MATERIALAS

~ INVERSE ACOUSTIC CHARACTERIZATION

. Derived Parameters (Inverse Method);

® Tortuosity (O,,)
® Viscous characteristic length A

~ - S @ Thermal characteristic length A /
Sound Absorption (o) Airflow Resistivity (0) @ Bulk modulus (K)

ll“lll -'=' e 7K = AN, Na..




AIRFLOW RESISTIVITY (o)

MEASUREMENT PRINCIPLE

© WHATISIT?

Ap Ap = Pressure drop [Pa]
o = v = Air velocity [m/s]
(v-d) d = Sample thickness [m]

o MEASUREMENT SETUP

Pressure Pressure
before sample after sample
Ap

Pressure drop

Controlled
air flow rate

Air flow =)

Sample thickness

= =») Low o — Air passes easily

=£54) High o — Greater resistance
— More energy dissipation

AIRFLOW RESISTIVITY (o) is the key input for both DB and

€ PHYSICAL INTERPRETATION

@ Airflow resistivity (o) quantifies how hard it is
@ for air to pass through a porous material.

=P Key parameter in DB and JCA models
© STANDARDS

ISO 9053

Acoustics — Determination of airflow resistivity
of porous materials

ISO 9053-1:2018
Part 1: Steady airflow method

ISO 9053-2:2020
Part 2: Alternating airflow method

© METHODS
+ Steady Airflow

« Constant air flow
» Most common method

M- Alternating Airflow

= Oscillating flow
= Suitable for thin samples

COMMON SOURCES OF ERROR

¥ Poor sample sealing
) % Turbulent flow (must be laminar!)

¥ Incorrect air velocity

A acoustic models.




SOME METHODS FOR DETERMINING
ACOUSTIC PROPERTIES

T

+ Developed according
to ISO 9053

v Modular design
(horizontal & vertical
setup)
v Transparent Vertical Setup

measurement cell
(visual sealing control)

in
SRR O]

Transparent
Measurement Cell

y Compatible sample diameter with
impedance tube testing

 Experimental validation performed

¥ To the best of our knowledge, this is the first system
for airflow resistivity measurement developed in Serbia.

Enables reliable determination of airflow resistivity for inverse acoustic characterization.




POROSITY &)

MEASUREMENT METHODS

o WHAT IS IT?

D = Viphy
Vtot

Vphy = Volume of open pores
Vior = Total volume of material

o MEASUREMENT SETUPS

Open pore volume Vp,

Air flow (&

Total volume (Vior)

\:,:.:/ Low G -Air passes easily

\) High o = Greater resistance
= More energy dissipation

© AIR-DISPLACEMENT PYCNOMETRY @ MERCURY INTRUSION

« Air-Displacement Pycnometry

Measures porosity by
displacing a known amount of gas

© MERCURY INTRUSION POROSIMETRY

-+ Uses high pressure to force
mercury into the pores

POROSIMETRY

e Uses high pressure to force
mercury into the pores
© OPTICAL METHODS

e Analyze images of the material
to calculate pore area

€ INTERPRETATION

=» High @ = More air in pores
=p Higher sound absorption

=» Low @ msp Lower absorption

IMPORTANT NOTES

Ed Presence of closed pores
Sample proparation

mw mattexr rant s colosert fhaerse chrrevtuse:




Tortuosity Measurement

Porous Material

Tortuosity is determined indirectly

Acoustic Response
| Analysis
1

Inverse Estimation

Sound Wave iR Y) ((‘ ] Sound Wave Out Identified from Acoustic Data
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SOME METHODS FOR DETERMINING
ACOUSTIC PROPERTIES

A & A’ Measurement

/\ - Viscous Characteristic Length /A’ - Thermal Characteristic Length

e Microstructure-Based Estimation e Microscopic Image Analysis

Indirect Determination from Microstructure & Acoustic Response




Integration of Measurement Methods for Reliable Acoustic Characterization

Impedance Tube System (B&K) Custom Airflow Resistivity System

Reliable Acoustic
Modeling

o(f) Measurement

-1S0 10534-2
University of Nis - International Project

-1S0 9053
University of Kragujevac
v Outcomes:

v Validation of airflow resistivity measurement method
v Validation of empirical models (DB-type)

v Reduced parameter space in inverse characterization
+ Improved optimization accuracy

Integration of experimental methods enables more reliable and physically consistent acoustic characterization.

Contribution to advancement of acoustic engineering in Serbia




MODELS FOR PREDICTING
THE ACOUSTIC PROPERTIES
OF POROUS MATERIALS

Classification of Acoustic Models for Porous Materials

ACOUSTIC MODELS

Empirical Models ]I Physical . | Optimization- | Al / Data-Driven Models |

M (Phenomenolgical) | Based Models (NEW CLASS)
v Delany-Bazley Models ’ -

v' Dunn-Davern v’ Biot

v ANOVA v GA, PSO v Machine Learning (rRf, svm)

v Polynomial v GW, PUMA v Neural Networks (ANN, DL)

v Miki i
v JCA / JCAL regression v Inverse v Hybrid (Physics + Al)

v Simple v Physics-based v Response characterization
v Fast High surfaces v Highly nonlinear
v Hi accurac .. )

3 . ¥ E il v No explicit physics

X Limited accuracy X More parameters v Data-based identification i
v Interpretable v Model calibration | | % Black-box

=

Evolution of Models T

1 increasing complexity
4 increasing accuracy
4 decreasing interpretability

Empirical » Physical » Statistical » Optimization » Al




MODELS FOR PREDICTING

THE ACOUSTIC PROPERTIES Empirical models
OF POROUS MATERIALS

\ 4 ( ) =




MODELS FOR PREDICTING

THE ACOUSTIC PROPERTIES Phisical models
OF POROUS MATERIALS

=

\\,



MODELS FOR PREDICTING
THE ACOUSTIC PROPERTIES Statistical models

OF POROUS MATERIALS

Acoustic properties of highly elastic polyurethane
foam VAPEN HR 3744

et al.

Y~




MODELS FOR PREDICTING
THE ACOUSTIC PROPERTIES Optimization models
OF POROUS MATERIALS




MODELS FOR PREDICTING
THE ACOUSTIC PROPERTIES Al Models
OF POROUS MATERIALS




EXAMPLES OF ACOUSTIC Model Delany & Bazley
MODELS FROM THE LITERATURE (Empirical model)

In 1970, Delany & Bazley presented a model for determining the characteristic
impedance and the propagation coefficient depending on the resistance to air
flow.

Z, =R+ jX
y=a+jp
Z —po{l+o.os71(p0f) —j0.087(p°f) }
O O
7_2{1%.0978[‘)0]() —jo.189(p0f) }
C O O

10 < f/o< 1000



MODELS FOR PREDICTING
THE ACOUSTIC PROPERTIES
OF POROUS MATERIALS

Airflow Resistivity 0 — Influence on Delany—Bazley Model

ll Biocomposites | Granular |

0 20k — 50k Ns/m* 0 10k 100k Ns/m4

>

e %
4. High Frequenues . Optimal Region > High Frequency Absorption

4 Less Damping

Absorption

B i 1 Broadband Absorption
W Best Performance

Low Frequencies I Tunable Behaviour
— Y Adjustable Response

High Low

X e leC X - jcX™ k=L (14 CX -jCX)




1. A model for determining the acoustic

MODELS FROM THE LITERATURE

EXAMPLES OF ACOUSTIC

04

density PU foam

characteristics of low

i . B
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MODELS FOR PREDICTING
THE ACOUSTIC PROPERTIES
OF POROUS MATERIALS

1. An example of an empirical model
Radicevic B.

A model for predicting the sound absorption of open-cell polyurethane foams

= == - Dunn & Davern 2 r I I 1 I - - - ; -
—==@—=~- Garai & Pompoli 3 © el
..... #-- Wu Qunli z 3
—@— Novi model —t— Wu Qunli
' —— [AM

——&— Garai-Pompoli

0.08

[}
[}

-]
-ty
207

=

Pt

on

o~
=0
bt

=
—

=

o

=3
<

Relative error (%)

ot
=

125 160200250 315 400 500 630 800 1312501600 . . ; . . ; | . ;
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Frequency [Hz]




MODELS FOR PREDICTING
THE ACOUSTIC PROPERTIES

2. Model - JCA
(Phisical model)

OF POROUS MATERIALS

According to the JCA model, the effective density pe(w) and bulk modulus K(w) of porous
materials can be calculated using the following expressions:

. O ,4055377,0&)
pe(w)=aoop{1—1 ? \/1+J - }

apo\ T A




EXAMPLES OF ACOUSTIC 2. Model - JCA
MODELS FROM THE LITERATURE (Theoretical model)

Considering that the porous material of thickness d 1s covered by a rigid boundary, the
sound absorption coefficient (SAC) a of the porous material can be denoted by the
following equations:

AC)

Z (0)=—) cot(k, (w)d)

_ Z (0)-Z

Z (0)+Z

o

a=1-R’

where Z (w) 1s the surface characteristic impedance, Z, is the air characteristic
impedance and 1s equal to p,c, where ¢, 1s the sound speed and R is the sound
reflection coefficient.

Z, = Z, coth( jk.d)

Where d 1s the sample thickness.

38



MODELS FOR PREDICTING
THE ACOUSTIC PROPERTIES 2. An example of an phisical
OF POROUS MATERIALS mode

(@, a0, A, A') = f(t,1)




MODELS FOR PREDICTING
THE ACOUSTIC PROPERTIES orett
OF POROUS MATERIALS model Radicevic B.

Sound absorption prediction methods and their accuracy in partially open cell polyurethane
foams

2. An example of an theoretical

e JCA
=~ @& = Dunn - Davern | |
e N M

~
St
=
b
-
L
—
e
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-
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e
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WHEN TO USE DB AND WHEN JCA?

WHEN TO USE DB OR JCA?
DELANY—BAZLEY (DB) @ JOHNSON-CHAMPOUX—ALLARD (JCA)

Empirical Model Physical Model

+ Quick estimation . ». X Complex simulation

+” Single parameter (o) f ¥ 5 parameters (¢, A, A, Ky, 0-)

" Used for ~50 years XK Since 1991, for advanced materials
+ Simple and reliable ¥ Detailed & powerful

= BASIC PREDICTOINS PRECISE MODELS @

When to use DB: When to use JCA:

« For quick estimation « For precise simulations

+” When microstructure is not available + When microstructure is known
+ Mid-frequency range or being designed
+ Extreme cases (low and high frequencies)

BASIC PREDICTIONS - PRECISE MODELS




TYPICAL MISTAKES IN ACOUSTIC MODELING

- ’ COMMON MISTAKES

X Ignoring frequency range
(wrong model or wrong range)

X Assuming different materials are similar
(one-size-fits-all approach)

¥ Using empirical models outside of valid range
(DB is limited to mid frequencies)

HK Overfitting or underfitting parameters
(optimizing does not guarantee validity)

HK Misinterpreting complex parameters
(invalid microstructural assumptions)

Best practice: Know the model’s limitations!




Statistical (Stochastic) Models — ANOVA-based

ANOVA-based polynomial model
a(f,d) = ay+ a,f + a,d + a5f2 + a,d® + asfd + ---

High accuracy (<1% error)

Frequency

v Polynomial dependence: o = f (frequency, thickness)
v Very high accuracy (<1%)
v Based on experimental design (ANOVA)

4\ Valid only within experimental domain

Developed in this research
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MODELS FOR PREDICTING
THE ACOUSTIC PROPERTIES Statistical models
OF POROUS MATERIALS

The software package Design Expert v.9.0.6.2 was used to create and analyze
Statistical models. The choice of the regression model depends, first of all, on the
available number of experimental points.

The sound absorption coefficient can be expressed by a polynomial function, as given in the
expression for open and partially open cell polyurethane foams:

Ln(a) =—2.15980—-51.64481*d —3.46202E —003* f +

+0.28361*d * £ +1164.37919*d A2 +3.54443E —006* £~ 2 —
—2.87696*d A 2* £ —1.56509E —004*d * £~ 2—6589.93271*d ~3—
—1.19549E —009* £ ~3+3.58649E —004*d ~ 2* £ 72 +11.80043*
4 A3* £ +3.97690E —008*d * £ 13

where d is the thickness of the material in m, and f is the frequency in Hz.
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MODELS FOR PREDICTING ot el el
THE ACOUSTIC PROPERTIES 3. An example of an statistical mode
OF POROUS MATERIALS Pajovi¢ & Radicevic B.

Acoustic properties of highly elastic polyurethane foam Vapen HR 3744

i
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MODELS FOR PREDICTING o
THE ACOUSTIC PROPERTIES 4. An example of an statistical model
OF POROUS MATERIALS Kolarevic¢ , Radicevié, Bjeli¢, Grkovi¢

Acoustic properties of porous materials

IN KRALJEVD

’//’ ‘.\.
.r’ (] B ‘\
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. | SRR L/
a 0 ra e S . \._FAGULTY OF MECHANICAL AND CIVIL ENGINEERING
LTET ASINSTVO | — e
=

PROJEKAT 37020

Acoustic properties of Elaborat 42016
polyurethane foams AKUSTIEKA

SVOJSTVA

Acoustic properties of VLAKNASTIH

MATERIJALA

granular recycled materials

Acoustic properties of
multilayer granular recycled i
materials S
Acoustic properties of fibrous —

materials | i i I

Lkl ol ——
r Mile Savkovic




MODELS FOR PREDICTING
THE ACOUSTIC PROPERTIES
OF POROUS MATERIALS

Inverse Characterization Workflow

Acoustic Sample

Input Data m Optimization Process Physical Constraints Convergence Check

a(f), Z(f) —_—  Oxp, A, A —pp ° Inverse Modeling = © Bounds & Relationships s Error < Threshold?

Frequency Range Initial Parameters * Objective Function I
* Optimization Algorithm l Yes

* . Identified Parameters
Error Analysis

r
e Cost Function Qoo, Ay A
e Residuals Estimated Values

1. Input Data: Start with experimental acoustic data, representing absorption coefficient a(f) and impedance Z(f) over a
frequency range.

2. Initial Guess: Propose starting values for acoustic parameters d,, A, A”.

3. Optimization Process: Use inverse modeling and define an objective function to fit experimental data.

4. Error Analysis: Calculate error using a cost function that compares modeled vs. experimental data.

5. Physical Constraints: Apply parameter bounds/relationships to ensure realistic solutions.




MODELS FOR PREDICTING

OF POROUS MATERIALS

In the JCA model, there are five non-acoustic parameters to be identified: porosity, airflow
resistance, tortuosity, viscous characteristic length, and thermal characteristic length. Often
this problem boils down to finding four unknown parameters, as porosity can be determined
with high accuracy from measured density. In this way, the dimension of the vector

x=[o,0,,c,c ]is reduced by one.

Non-acoustic parameter identification is essentially a constrained multidimensional
parameter optimization problem.

min Obj( iax):ZT:[aEXP(fi)_aJCA( i’X)}2

i=1
(1000 < & < 20000
1<a, <4

> t'%0.3£(c,c'>£3.3

c>c

where T is the number of sampling frequency points in the test frequency range, f; is the
ith frequency point sampled in the experiment, a., denotes the sound absorption
coefficient measured at the frequency f, and a,, denotes the sound absorption

coefficient predicted by the JCA model at the same frequency. 48



MODELS FOR PREDICTING
THE ACOUSTIC PROPERTIES © nizatt
OF POROUS MATERIALS model Dulovi¢ T. & Radicevic B.

Optimization of non-acoustic parameters of fibrous materials using biologically
inspired algorithms

5. An example of an optimization

[llustration of
updating search agent
positions in the GWO
algorithm
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MODELS FOR PREDICTING
THE ACOUSTIC PROPERTIES

Al models
OF POROUS MATERIALS

Al models learn the relationship between material properties and

acoustic response directly from data, without explicit physical
equations.

y=F(x;0)
a(f) =F(f,0,¢,au, N N;0)

N
0F = arg r%lnz [ exp T(Xl, 9)]

1=1

where: x— input parameters (frequency, airflow resistivity, porosity, microstructure)
y— acoustic response (e.g., a(f))
6 — model parameters learned from data

Valid only within the domain of the training dataset.
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ABSORPTION PROPERTIES OF GRANULAR MATERIALS
AND THEIR MIXTURES

Mixtures of Materials

Mixture v’ Improved absorption
v’ Broadband performance
v’ Tunable properties

Granular / Recycled

Combination of materials enables optimization of acoustic performance

Design of mixtures becomes an optimization problem




a) Recicled rubber b) Recicled plastic c) Sand

Different thicknesses of samples: 10 mm, 20 mm, 30 mm, 40 mm, 50 mm -




ABSORPTION PROPERTIES OF GRANULAR MATERIALS
AND THEIR MIXTURES

a) Recicled rubber

PLASTIKA

——1cm —@—2cm —®—3cm —e—4cm —8—=5cm

200 400 600 800 1000 1200 1400 1600 1800

—8—1cm —8—2cm #—3cm —8—4cm —8—5cm

Sound absorption coefficient at normal incidence




ABSORPTION PROPERTIES OF GRANULAR MATERIALS
AND THEIR MIXTURES

Sound absorption coefficient for recycled rubber:

3D representation of the statistical model; 2- contour diagram

Alfa (GUMA)




ABSORPTION PROPERTIES OF GRANULAR MATERIALS
AND THEIR MIXTURES

Simplex — Centroid
design

X3

FAVAVIAN VAVAVAVAN

X

X2=0 i %20 o /\/\/V\/\
AN AVAVAVAVAVA
VAVAVAT STAVAVAN

o INNNNNINNTSAN, JAVAVAVAVAVAVAVAVAVAN

x> S
X

X:=0.2 X1=0.5 X3




ABSORPTION PROPERTIES OF
m GRANULAR MATERIALS AND THEIR
MIXTURES Simplex — Centriod Design
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ABSORPTION PROPERTIES OF GRANULAR MATERIALS
AND THEIR MIXTURES

Three-component Simplex - Centroid design

Mecak+[lnacTuka
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ABSORPTION PROPERTIES OF GRANULAR MATERIALS
AND THEIR MIXTURES
Mix (seven mixes) - Process

(60 process combinations; 5 sample thicknesses x 12 frequencies)

ZN
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ABSORPTION PROPERTIES OF GRANULAR MATERIALS
AND THEIR MIXTURES

Coefficients of sound absorption for the combined process ternary mixture system
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ABSORPTION PROPERTIES OF GRANULAR MATERIALS
AND THEIR MIXTURES

Sqrt(oiooe) = +0.092256*P +0.031084*G +0.26795*S +19.66709*P*d
+19.65256%G*d +6.89378*5*d

Partial model

Ln(a) =-2.56640*P -1.36029%G -2.66358*S +39.29944*P*d -6.46000E-
003*P*f-164.30258 *G*d -4.94937E-003*G*f-17.58893*5*d -
2.81482E-003*S*f +0.29564*P*d*f +0.25853*G*d*f +0.22940*S*d*f -
3113.77780*P*d"2 +6.16287E-006*P*f*2 +4958.39446*G*d "2

+4.19122E-006*G*f"2 +240.05123*5*d" 2 +1.53284E-006*S*f"2 -
2.37633*P*d"2*f -8.02769E-005*P*d*f" 2 -1.59404*G*d " 2*f -
8.39546E-005*G*d*f"* 2 -1.79297*5*d " 2*f -7.50789E-005*5*d*f"2
+44834.75170*P*d"3 -1.73298E-009*P*f*3 -47640.77867*G*d"3 -
9.18196E-010*G*f"3

Integral model




ABSORPTION PROPERTIES OF GRANULAR
MATERIALS AND THEIR MIXTURES
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ABSORPTION PROPERTIES OF GRANULAR
MATERIALS AND THEIR MIXTURES
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ABSORPTION PROPERTIES OF GRANULAR
MATERIALS AND THEIR MIXTURES
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MULTI-CRITERIA OPTIMIZATION FOR THE SELECTION OF
SOUND-ABSORBING MATERIALS

Multi-Criteria Optimization (MCDM)

Selection of the Best Barrier / Mixture

. - =
Alternatives

(barrier / mixture materials)

“EF | Fibrous
Y Only

<7l | Foam +
Fibrous

1 Granular

G| (Recycled)

| Fibrous +
¥4 | Biocomposite

Criteria
(examples)

Acoustic Performance
(a, NRC, frequency range)

)

Cost
(material / production)

1\ Mechanical Durability
) / (stability, degradation)

Environmental Impact
(LCA, CO;, recyclability)

)

MCDM
process

| Ranking of Alternatives

[ 1. Normalization

]

=

2. Criteria Weights
(AHP)

¥

3. Ranking
(PROMETHEE)

OPTIMAL

J/

b Foam +
Granular

Weight
(barrier mass)

(@

J

E

1. A2
2. A1
| 4. A5

SOLUTION

~

Goal: Find the best barrier / mixture through a compromise between multiple criteria
Optimization requires balancing acoustic, cost, durability, and sustainability

MCDM

AHP (Analytic Hierarchy Process)
» Determines criteris importance (weights)

« Normalizes values

Process

' PROMETHEE

Preference Rankits Organization METHod for
- BARRS alternatives bened on proferences

- Considers complete and partial ranking




Why is Noise Barrier Design a Complex Problem?

Looks Simple ~_ Reality

Absorber | I mConﬂicting Criteria

I Optimization under Constraints = Simple Design

65




MULTI-CRITERIA OPTIMIZATION FOR THE SELECTION OF
SOUND-ABSORBING MATERIALS

Road traffic noise reducing devices
{product) Specifications
EN 14388 (2015) Product standard

1 1

[
Test method for determining the acoustic performance Non acoustic performance Procedures for assessing long term performance
selof EN 1793 sal of EM 1754 sab of EN142388

Fart 1 ; Intnmsic charactenstics of Part 1 . Mechanical performance Fart 1 acoustical characteristics
sound absonplion and slabiity reguirements. EM 143898-1 {2015)

unger diffuse sound fiedd condiions EN 1794-1 (2011}
EN 17831 (201 )

Part 2 : intrnsic characterstics of Pari 2 : pon-gooustical characteristics

arbome sound nsulation wind load and static load EM 14389-2 [2015)
under diffuse sound field condions
EN 1793-2 (2012) seif weight

Pan 3 | Normakzed traffic noise specinum impact of siones

EM 1783-3 (1897)
— safety in collision Sustainability
| {work started) I

— @ynamic oad Fom snow Cearance

Fart 4 © Infrinsic charactenstics in situ values
of sound diffraction Part 2 : Geanaral safety and

EN 179324 (2015) envimnmental requirements : & "
TS et Supporting standards

Part 5 © Ininnsic characteristics n situ values |
! 5o & -
oo et e T O resstance to brustwood fre EN 14388 is an Harmonized standard

EN 1783-5 [2015)
risk of falling debris under CPR 305/2011
Par & : Intnnsic charactenstics i siu values

of airtrome sound insulation anvronmental protection {CD“StrUCliDn Prﬂduct REQUIatiﬂn]'

under direct scund fetd conditions
EN 1793-6 (2012) means of escape in emergency

- light reflection

— ransparency

Pan 3: Reaction to fire, Buming behawviour
and classification
EN 1784-3 (2016)

European standards and traffic sound barriers




MULTI-CRITERIA OPTIMIZATION FOR THE SELECTION OF
SOUND-ABSORBING MATERIALS

Overview of acoustic standards (EN 1793)

- EN i?QE;iI{I-_.aI:.mrat'r.::rf'] . CEN/TS 1793-4 (In-sit
- CEN/TS 1793-5 (In-situ) | : / {n-situ)

————— .
Diffraction
= |

> Receiver

Transmission

- EN 1793-2 (Laboratory) |
- EN 1793-6 (In-situ)




MULTI-CRITERIA OPTIMIZATION FOR THE SELECTION OF
SOUND-ABSORBING MATERIALS

Optimal SB
Configuration

1LV
L

Level 4




MULTI-CRITERIA OPTIMIZATION FOR THE SELECTION OF
SOUND-ABSORBING MATERIALS

Multi-Criteria Optimization Workflow (AHP + PROMETHEE)

 Problem . Criteria 5 Wi YRy Decision P Optimal
Definition Structuring et natiol Matrix - Solution
(AHP)

® Deﬁne ' o Hierarchy of . « Pairwise _/ = Alterna1.:ives .I {,_({;‘f {?{r
alternatives | criteria ' i s % Criteria | s /?

comparison

e Define criteria * Grouping e Fuzzy weights e Measured / |
(engineering, predicted values
economic, ¢ Consistency

environmental..) check e Best

* Net ranklng ‘ configuration

= AE ,;1 N
L - [?J_—J

Trade-off Visualization

‘l)) Acoustic performance 1 ‘i]i —Cpy - — 6 l . f ,
$ COStJ' e Preference functions m e

@ Sustainability 1 e Positive / negative flows
e Net ranking




MULTI-CRITERIA OPTIMIZATION FOR THE SELECTION OF
SOUND-ABSORBING MATERIALS

Classification of criteria for selecting traffic noise barriers

ACOUSTIC PERFORMANCE @ MECHANICAL PERFORMANCE AND STABILITY

Single-number rating of sound absorption Wind and static load

Single-number rating of airborne sound
insulation

Sound diffraction value (in situ) } Resistance to stone impact

Self-weight load

Sound reflection index (in situ) Safety in case of vehicle impact

C15  In situairborne sound insulation Dynamic load due to snow removal
under direct sound field !

f} SELECTION OF

Fire resistance _. NOISE BARRIER

Secondary safety - .. \ Durability of
PANEI.S ' == o ag(nras;i::)gr)operties

Evacuation measures in case of danger = i Durability of

Environmental protection

Light reflection . | mechanical properties
. | |-

Transparency

Fire behavior

Construction costs

Maintenance and €61 Service life

replacement costs ¢ C62 Recyclability

Total lifecycle costs C63 CE certification

Optimal selection requires a balanced consideration of acoustic, mechanical, safety, environmental,
durability, economic, and other criteria throughout the entire lifecycle of the noise barrier.




Calculation of criteria weighting coefficients

Fuzzy Analiytic Hierarchy Process Excel Spreadsheet
| Decision Support System |

University of Kragujevac. Faculty of Mechanical and Civil Engineering in Kraljevo ‘
Department of Production Engineering .MT

Version 1.1

Saaty's scale for comparison in pairs

Judgments of the parwise comparison (presude u uporedivanju parova)

Factor weighting score

More important than Equal Less important than Hartos
7z | & = 4 3 2 1 ;
7 | 6 5 4 3 2 1 1/2 1/3 | 1/4 1/5 1/6 1,7 i1i/8 | 1/9 value

If the judgment value is on the right side of 1, we put the reciprocal value
If the judgment value is on the right side of 1, we put the reciprocal value

Number of Criteria El | <=7y <= 1 |

Comparison matrix (Matrica proredenja kriterijuma)

Criteria
5 6

C5 | ¥Ys | c6 | Ve

L 00O WUn b WK

=
o




MULTI-CRITERIA OPTIMIZATION FOR THE SELECTION OF
SOUND-ABSORBING MATERIALS

Importance of criteria in the model

Criteria significance levels in a model Consistency ana Iysis
(Prikaz vaznosti kriterijuma u modelu)
Ci Wi Svi

0.382 C1 0.382 | 24736
C2 0.164 | 1.0476

C3 | 0.116 | 0.7423
0225 C4 | 0.072 | 0.4514

C5 | 0226 | 14354

C6 | 0.040 | 0.257"

' - SUM | 1.000 | Amac=
I

¢ e Ri=
c3 cd cs
. C.R=




MULTI-CRITERIA OPTIMIZATION FOR THE SELECTION OF

SOUND-ABSORBING MATERIALS

Sub-criteria comparison matrix

| v Je| v |em|y few| v fes| v |
| 1 | 1 [1.00] 067 ]200] 060050/ 050 |0.50]| 067 |

Display of the importance of
subcriteria in the model

Criteria significance levels in a model
{Prikaz vaznosti kriterijuma u modelu) 5275

5.247
5.167
5.268
5.281

| = [ 1000 | Amm= | 5.247

| Ci= | 0.062 |
| Ri= | 1.116 |
“cre [ ooss




MULTI-CRITERIA OPTIMIZATION FOR THE SELECTION OF

SOUND-ABSORBING MATERIALS

Alternatives

Al: Magnum AC
A2: Magnum AL12
A3: UniCon A

A4: UniCon R

A5:
A6:
A7:
A8:
A9:

T

KOH!
KOHI
KOH!
KOH!

HAUER Al
HAUER LI
HAUER LI
HAUER Al

KOH!

HAUER P

Decision matrix

HPUTEPKUIYM
CTAHOARO
AHext cTaHgapaa

1

ARYCTHYHE NEPPOPMAHCE

0.372

13

1.4

1.5

Ancopnumj
a 3ByKa

Haonaumja
oa
BA3AYWHOT
aByKa

[Oudpaxumj
@ 3ByHa

Pednexcu]
au
W3onaumja

agyKa ln
Situ

In Situ
BpEAHOCT
H30mauuje
BA3AYWHOr
3BYHa

EN1793-1

EN 1793-2

EN 1793-4

EN 1793-5

EN 1793-6

i| 0.162

0.162

0.101

0.282

0.292

| 0.060

0.060

0.038

0.105

0.108

DL, [dB]

DLy [dB]

ADL [dB]

DLy [dB]

DL, [dB]

€11

C12

C13

Cl4

C25

Magnum AC

=]

=

=

Magnum AL12

UniCon A

UniCon R

KOHLHAUER ALUMNA

KOHLHAUER LIGNA

KOHLHAUER LIGNA 2

KOHLHAUER ALUFERA

KOHLHAUER PLANTA

R A N AN —-N N

B (P B | | s P | b

[ =T =T [ O o T s T e T e e

ool | o|lo|o|lo (oD

ool |o|lo |o |0 |D




Evaluation and ranking of alternatives

Method MODIPROM version 1.2
Decision Support System

University of Kragujevac. Faculty of Mechanical and Civil Engineering in Kralievo

Department of Production Engineering

Prui-el:t"l"iﬂz:i.%swue Bapujepe

DESCRIPTION:

Date:|04.05.2024.

H3aBop onmumanHoz naHena 3a cacBpahajqy 38yuHy

Gapujepy

5Igna‘lure:1 M. Konapeeuh

'IIIMI' KPAJBEBO

YHUBEPIMTET ¥ KPAMYJEBLLY

Aiternattves:[ 2
Criteria:|
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Q= |=|=|sloj0o0C g|=|=0|00||&|&
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Ranking of alternatives

1
2
3
A
5
6
7
8
9

=
o

Cij

0.82442

1.00000

0.10718

0.00000

0.62168

0.66668

0.54872

0.19060

0.19060

*




MULTI-CRITERIA OPTIMIZATION FOR THE SELECTION OF
SOUND-ABSORBING MATERIALS

Sensitivity analysis

BpeaHocTH pelaTUBHUX
Kputepujymu TeXKHHA
v.0 v.l v.2 v.3
C1 62% | 62% | 62% | 42%
Cc2 64% | 64%| 64% | 34%
C3 3.7% | 3.7% ]| 3.7% | 3.7%
C4 11.0% | 16.0% | 6.0% | 16.0%
C5 11.0% | 14.0% | 6.0% | 6.0%
Cé 4.7% | 4.7% | 47% | 4.7%
Cc7 1.7% | 1.7% | 1.7% | 1.7%
Cc8 26% | 26%| 2.6%| 2.6%
C9 48% | 48% | 48% | 4.8%
C10 26| 26%]| 26%]| 2.6%
C11 28% | 28%]| 28%| 28%
C12 1.8% | 1.8%| 18%| 18%
C13 1.8% | 18%| 18%| 18%
Cc14 1.1% | 1.1% | 1.1%| 1.1%
C15 1.1% | 1.1% | 1.1% | 1.1%
Ci1e6 02% ]| 02%]| 02%]| 0.2%
C17 28% | 28%| 28%]| 28%
C18 3.6% | 3.6%| 3.6%| 3.6%
C19 3.6% | 3.6%]| 3.6%| 3.6%
C20 45% | 45% | 45% | 4.5%
C21 46% | 46% ]| 46%| 4.6%
C22 13.5% | 5.5% | 23.5% | 18.5%
C23 1.0% | 1.0% ]| 1.0%| 1.0%
C24 1.0% | 1.0%| 1.0%| 1.0%
C25 20% | 2.0%| 2.0%| 2.0%




MULTI-CRITERIA OPTIMIZATION FOR THE SELECTION OF
SOUND-ABSORBING MATERIALS

Sensitivity analysis by tested variants

Alternative

(Magnum AL12)
is the best.




07 CONCLUSIONS

Key Conclusions

Porous materials characterized

= Foams, fibrous, biocomposites,
granular (recycled)

Multiple modeling approaches
analyzed
- DB, JCA, Statistical, Al/ML

Model accuracy & limitations

= Frequency dependence (a, NRC)
= Influence of structure & parameters

Multi-criteria optimization @) |
for decision making ') — ]
= AHP + PROMETHEE _ > | I
= Ranking of barrier / mixture alternatives

Integrated modeling + MCDM — Reliable acoustic characterization




07 FUTURE RESEARCH DIRECTIONS

Future Research Directions

Al & Hybrid Models

v Physics-informed ML / hybrid approaches
v Data-driven prediction of acoustic properties

Advanced & Sustainable Materials

v Biocomposites with tailored properties
v Recycled / circular materials for barriers

Inverse Characterization

v Estimating properties from limited data
v Reduced-parameter identification

Optimization & Decision Support

v Multi-objective / many-criteria optimization
v Real-time design of barrier systems

Applications & Validation

~ Noise barriers & building applications
v Experimental validation & field testing

From material design to intelligent acoustic systems
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