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INTERIOR STRUCTURE BORNE NOISE REDUCTION IN A HEAVY 

TRUCK CABIN USING PANEL ACOUSTIC CONTRIBUTION ANALYSIS 

SUMMARY 

In this thesis, the intention is to investigate the structure-borne noise, which is caused 

by the vibrating cabin panels and to determine the contribution of each panel to the 

interior noise level peaks in a heavy commercial truck cabin and try to find 

improvement treatments to reduce the vehicle interior noise level. In recent years, 

passenger compartment noise level and vibration levels become the most important 

parameters in terms of ride comfort for customers and vehicle manufacturers. 

Structure-borne noise in a vehicle compartment is mainly caused by vibrating cabin 

panels which are excited by road and powertrain loads. The frequency range of the 

study is determined as 20-200Hz, due to the powertrain has predominant structural 

excitation levels up to 200 Hz. 

In this study, first of all the fundamentals of noise, vibration and frequency response 

function are discussed. Some basic topics of vehicle NVH are defined, structure-

borne and air-borne noise sources are explained. The technical bakground of the 

panel acoustic contribution analysis which is used to reduce the structure-borne 

interior noise level has been introduced. A structural-acoustic finite element model of 

the heavy truck cabin is developed. Experimental modal tests are carried out at ITU-

OTAM semi-anechoic room to obtain vibration and noise transfer functions which 

are used to evaluate the structural-acoustic finite element model accuracy. 

Comparisons are made between experimental measurement results and finite element 

model predictions and it is shown that finite element model can accurately predict the 

important sound pressure peaks and the trend of acoustic response.  

Panel acoustic contribution analysis have been performed to observe the acoustic 

contribution of each cabin panel to the total interior noise level. Based on the panel 

acoustic contribution analysis results, critical panels and frequencies were 

determined and improvement actions were investigated to reduce the interior 

structure-borne noise. Structural-acoustic finite element model was updated with 

optimized improvement actions and panel acoustic contribution analysis was 

reperformed to observe the noise reduction level.  

Vehicle level tests have been performed at specific test track to observe the noise 

reduction which was provided with improvement action on critical panels which 

were determined with aid of panel acoustic contribution analysis on structural-

acoustic finite element model. A microphone was placed to the driver outer ear 

location to get interior noise data  and  accelerometers were placed on the critical 

cabin panels to obtain vibration data. Vehicle level tests results have shown that the 

interior sound pressure level was reduced with improvement action on critical panels, 

which verifies the accuracy of panel acoustic contribution analysis results. 
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PANEL AKUSTĠK KATKI ANALĠZĠ YÖNTEMĠ KULLANILARAK BĠR 

AĞIR TĠCARĠ KAMYONUNKABĠN ĠÇĠ YAPISAL KAYNAKLI GÜRÜLTÜ 

SEVĠYESĠNĠN AZALTILMASI 

ÖZET 

Bu çalışmanın amacı, araç kabin panellerinin titreşim seviyelerini kontrol ederek 

kabin içi yapısal kaynaklı gürültü seviyesini azaltmaktır. Son yıllarda, araç içi 

gürültü ve titreşim seviyeleri sürüş konforu açısından hem müşteriler hemde araç 

üreticileri için büyük önem kazanmıştır. Sürüş konforunu en fazla etkileyen 

parametrelerden bir tanesi de kabin içerisindeki yapısal kaynaklı gürültü seviyesidir. 

Yapısal kaynaklı gürültü seviyesi, gürültü kaynağı veya gürültü taşınım yolları 

kontrol edilerek azaltılabilir. Araç kabini içerisindeki yapısal kaynaklı gürültü, motor 

ve yoldan gelen kuvvetlerin araç kabinine iletilmesi, iletilen kuvvetlerin kabin 

panellerinde titreşime sebep olması ve titreşen panellerin kabin içindeki havayı 

harekete geçirmesi sonucunda oluşmaktadır. 

Bu çalışmanın kapsamı, 20-200 Hz frekans aralığında, kabin panellerinin titreşimi 

sonucunda meydana gelen yapısal kaynaklı gürültüleri incelemek olarak 

belirlenmiştir. Bilindiği gibi motor, araçlarda ana titreşim ve gürültü kaynağıdır ve 

daha önce yapılan çalışmalar motorun 200 Hz altındaki frekanslarda ana titreşim 

kaynağı oldugunu göstermiştir, bu sebeple çalışmanın kapsamı 20-200 Hz olarak 

belirlenmiştir. 

Bu çalışmada, ilk olarak titreşim, akustik ve frekans cevap fonksiyonu konularında 

temel bilgiler verilmiştir. Bununla birlikte araç NVH konularının kapsamı, yeni bir 

araç projesinde NVH özelliklerinin iyileştirilmesi konusunda nasıl bir yol izlendiği 

kısaca anlatılmış, araçlardaki hava taşınımlı ve yapısal taşınımlı gürültü çeşitleri 

açıklanmaya çalışılmıştır.Ayrıca panel akustik katkı analizi metodu hakkında temel 

bilgiler verilmiş ve metodu oluşturan matematiksel denklemler açıklanmıştır. Kısaca 

değinmek gerekirse, panel akustik katkı analizi, herbir kabin panelinin, kabin içi 

gürültü seviyesine olan etkisini bulmak, ve kritik panellerde iyileştirme çalışması 

yapılması gereken lokasyonları belirlemek için geliştirilmiş bir yöntemdir. Bu 

yöntem ile, herbir kabin paneli tarafından oluşturulan gürültü seviyelerinin 

toplanması sonucunda kabin içi toplam gürültü seviyesi elde edilmektedir. Panel 

akustik katkı analizi sayesinde herbir panelin toplam kabin içi gürültü seviyesine 

olan etkisi bulunabilir ve kabin panelleri, iç gürültü seviyesine olan katkılarına göre 

pozitif, negatif ve etkisiz olarak sınıflandırılabilir. Pozitif olarak sınıflandırılmış 

bölgelerin titreşim genlikleri arttıkça iç gürültü seviyesinde de artış 

gözlemlenmektedir, negatif olarak sınıflandırılmış bölgelerin titreşim genlikleri 

arttıkça iç gürültü seviyesinde azalma gözlemlenmektedir, nötr olarak 

sınıflandırılmış bölgelerin ise iç gürültü seviyesine önemli bir etkileri 

bulunmamaktadır. Bu sınıflandırma sonucunda iç gürültü seviyesinde artışa sebep 

olan paneller üzerindeki pozitifbölgeler tam olarak belirlenebilmektedir. Böylece  

titreşim azaltıcı malzemeler uygulanması gibi muhtemeliyileştirme aksiyonları en 

doğru bölgelere, doğru miktarlarda uygulanabilmekte, gereksiz fazladan malzeme 
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kullanımının önüne geçilerek hem maliyet azaltılması hemde ağırlık azaltılması 

sağlanabilmektedir. Ayrıca bu çalışmada, farklı deneysel yaklaşımlarile yapılan 

panel akustik katkı analizi metodları, kullanılan sensörler ve yöntemler hakkında 

bilgiler verilmiştir. 

Panel akustik katkı analizi çalışmaları bilgisayar destekli sonlu elemanlar yöntemi 

kullanılarak yapılmıştır. Bu yöntemde sonlu eleman modelleme paket programları 

kullanılarak hazırlanan tüm aracın sonlu elemanlar modeli üzerinde, sonlu elemanlar 

yöntemi ile analitik analizler yapılmış, aracın titreşim ve gürültü özellikleri 

belirlenmiştir. Sonlu elemanlar yöntemi ile analizlerin yapılabilmesi için tüm aracın 

ve araç içindeki akustik havanın modellenmesi, yapısal ve akustik modelin uyumlu 

hale getirilmesi gerekmektedir. Bu sebeple, ANSA sonlu eleman modelleme paket 

programı kullanılarak gerçek kabinin yapısal sonlu elemanlar modeli ve MSC 

Akusmod yazılımı kullanılarak kabin içi akustik hava modeli hazırlanmıştır. ANSA 

programı kullanılarak yapısal ve hava modeli arasındaki bağlantı kurulmuştur. 

Bilgisayar destekli panel akustik katkı analizi çalışmalarına başlamadan önce, 

hazırlanan yapısal-akustik sonlu elemanlar modelinin doğruluğunun kontrol edilmesi 

gerekmektedir. Bu amaçla, gerçek kabin üzerinde ve hazırlanan yapısal-akustik sonlu 

elemanlar üzerinde aynı noktalar arasında gürültü transfer fonsiyonları ve titreşim 

transfer fonksiyonları ölçümleri yapılmış ve sonuçlar karşılaştırılmıştır. Deneysel 

ölçümler, özel bir taşıma platformuna, kabin süspansiyonları ile montajı yapılmış 

gerçek kabin üzerinde İTÜ-OTAM yarı-akustik odada gerçekleştirilmiştir. Kabin ön 

ve arka süspansiyon bağlantı noktaları ile sürücü dış kulak noktası arasındaki gürültü 

transfer fonksiyonları, ve kabin ön ve arka süspansiyon bağlantı noktaları ile kabin 

panelleri üzerindeki toplam 140 farklı nokta arasındaki titreşim transfer fonksiyonları 

ölçülmüştür. Bilgisayar ortamında hazırlanmış sonlu elemanlar modeli kullanılarak, 

aynı noktalar arasındaki gürültü transfer fonsiyonları ve titreşim transfer 

fonksiyonları elde edilmiştir. Her iki yöntemle elde edilen gürültü transfer 

fonksiyonları ve titreşim transfer fonksiyonları karşılaştırılmış ,hazırlanan sonlu 

elemanlar modelin doğruluğunun iyi seviyede olduğu gözlemlenmiş ve panel akustik 

katkı analizi çalışmalarına sonlu elemanlar modeli ile devam edilebileceği 

belirtilmiştir. 

Gerçek kabinin hazırlanmış yapısal akustik-sonlu elemanlar modeli üzerinde, sonlu 

elemanlar analizi kullanılarak, panel akustik katkı analizi çalışması yapılmış ve kabin 

içi gürültü seviyesine en çok katkı sağlayan kritik paneller ve frekanslar 

belirlenmiştir.Sonlu elemanlar yöntemi ile bulunan kritik bölgelerin doğrulanması 

amacıyla, İTÜ-OTAM yarı akustik odada gerçek kabin üzerinde yapılan deneysel 

ölçümler sonucunda, paneller üzerindeki 140 noktadan elde edilen titreşim transfer 

fonksiyonları ve gürültü transfer fonksiyonları incelenmiş ve sonlu elemanlar 

yöntemi ile aynı sonuçlar elde edilmiştir. Kritik panellerin kabin içi gürültü 

seviyesine olan etkilerini azaltmak amacıyla, yapılabilecek iyileştirme çalışmaları 

araştırılmış ve fiyat-yapılabilirlik açısından en uygun çözüm yöntemi uygulanmıştır.  

Kabinin yapısal-akustik sonlu elemanlar modelinde, yapılan iyileştirme çalışmaları 

doğrultusunda öngörülen kritik bölgelere titreşim azaltıcı maddeler uygulanarak 

model üzerinde gerekli düzeltmeler yapılmış ve iyileştirilmiş sonlu elemanlar modeli 

kullanılarak panel akustik katkı analizi çalışması tekrarlanmıştır. Kritik paneller 

üzerinde yapılan iyileştirme çalışmalarının kabin içi gürültü seviyesi açısından 

incelenen frekans aralığında iyileşme sağladığı gözlemlenmiştir. 



 

 

xxv 

 

Sonlu elemanlar modeli kullanılarak yapılan panel akustik katkı analizi sonucunda 

kabin içi gürültü seviyesinde elde edilen iyileşmenin doğrulanması amacıyla, araç 

seviyesi ve deneysel ölçümler yapılmıştır. Araç seviyesi ölçümler gerçek araç 

üzerinde ve sertifikasyona sahip özel test pistinde gerçekleştirilmiştir.Araç seviyesi 

testler sırasında, ilk olarak iyileştirme çalışması uygulanmadan, sonlu elemanlar 

yöntemi sonucunda bulunan kritik bölgeler üzerinden titreşim datası ve sürücü dış 

kulak noktasından gürültü datası toplanmıştır. Daha sonra kritik bölgeler üzerinde 

daha önce sonlu elemanlar modelinde de uygulanmış iyileştirme çalışması yapılmış 

ve araç seviyesi testler tekrar edilmiştir. Yapılan analizler sonucunda, sonlu 

elemanlar yöntemi kullanılarak gerçekleştirilen panel akustik katkı analizi çıktıları 

doğrultusunda uygulanan iyileştirme çalışmaları ile kabin içi gürültü seviyesi 

açısından elde edilen iyileşme, araç seviyesi yapılan testler sonucunda da 

gözlemlenmiştir. 
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1.  INTRODUCTION 

In recent years, automotive manufacturers have been forced to develop higher quality 

products to meet customer satisfaction. The reason of this, customers are more 

conscious when buying a new vehicle and they are closely following new 

technologies. In addition to low cost expectations, customers want to have vehicles 

with high quality and innovative technologies. 

Automotive manufacturers should meet the customer expectations with low cost 

products to become competitive in market and to obtain the maximum profit. For this 

reason, the automotive industry is the one of the sector that advanced engineering 

studies are performed during the product development process. 

Automotive companies have attribute teams that consist of talented product 

development engineers and technical specialists to meet all customer expectations. 

At the beginning of a new vehicle program, first of all target customer profile and 

their expectations are determined, then benchmark studies are performed by attribute 

teams on competitor vehicles to set the program targets which satisfiy the customer 

expectations. 

General customer expectations in the automotive industry are as follows, it should be 

enough safe and durable, it should have good vehicle performance with less fuel 

consumption, it should be ergonomic and service charges should be low, it should 

have high driving quality, and it should have good NVH characteristics. 

Nowadays, noise and vibration peformance of a vehicle become the most valuable 

criteria for vehicle quality assessment and it has a direct impact on customer 

satisfaction. Customer demand for quiter vehicle has forced to automotive 

manufacturers to develop quiter and efficient products. In this way, NVH teams are 

establishing in automotive companies to develop the noise and vibration performance 

of the vehicles. 
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1.1 The Purpose of Thesis 

In this thesis, the intention is to investigate the structure-borne noise, which is caused 

by the vibrating cabin panels and to determine the most critical panels which are the 

root cause of the interior sound pressure peaks in a heavy commercial truck cabin by 

using the panel acoustic contribution analysis method and to find improvement 

treatments to reduce the vehicle interior noise level. In recent years, passenger 

compartment noise level and vibration levels become the most important parameters 

in terms of ride comfort for customers and vehicle manufacturers. Structure-borne 

noise in a vehicle compartment is mainly caused by vibrating cabin panels which are 

excited by road and powertrain forces. The frequency range of the study is 

determined as 20-200Hz, due to the powertrain has predominant structural excitation 

levels up to 200 Hz. 

1.2 Literature Review 

In recent years, vehicle interior noise level has become one of the most important 

parameter in terms of driving conveniences and structure-borne noise in the 

passenger compartment is the main component that affects the driving comfort. 

Many researches have been conducted on the subject and numerous papers have been 

written. 

One of these papers has been presented by Han,Guo, Yu and Zhu [9]. They 

introduced new two parameters, which were “acoustic contribution sum” and “total 

sound field contribution” to analyze the interior sound field characterized with 

multiple field points sound pressure peaks, and to evaluate the integrated acoustic 

contributions of automotive body panels. Therefore, with these two parameters, 

current PACA method has been improved by solving the problem of multiple peak 

sound pressure reduction. 

Another paper on the subject was presented by Yuksel, Kamci and Basdogan [14]. 

They have investigated the structure-borne noise which is caused by the vibrating 

cabin panels. They used two methodologies to predict cabin interior sound pressure 

level of a commercial vehicle. They have used finite element method (FEM) for 

structural analysis of the vehicle and boundary element method for the acoustic 
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analysis of the cabin.Also they have performed PACA to determine the contribution 

of each panel to the interior noise level. 

Another paper was represented by Wolf, Bree, and Tjis [12]. They have performed 

investigations on experimental based panel acoustic contribution analysis. They used 

specially designed sound probes that are capable of measuring sound pressure and 

particle velocity simultaneously. They have measured particle velocity data and 

airborne transfer paths from the sources to the listening positions to perform panel 

acoustic contribution analysis whilst driving. 

Another paper on the subject was represented by Binxing, Sifa, Lin, Scengqiang, 

Xiaomin, and Keqiang [10] . They have used various numerical calculation methods, 

such as FEM, BEM and SEA to analyse the acoustic characteristics of the vehicle. 

They used statistical energy analysis method to conduct the analysis in the high 

frequency range. 

Mohanty, Pierre, and Narayanasami have performed investigations on structure 

borne noise reduction in a vehicle using numerical methods [11]. They haveused 

finite element method and boundary element method to characterize the acoustic 

field of a vehicle interior.  
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2.  THEORY AND BACKGROUND 

The purpose of this part of the study is to give some basic definitions of acoustics 

and vibration fundamentals, to introduce vehicle NVH and to summarize briefy the 

theoretical background of panel acoustic contribution analysis. 

2.1 Fundamentals of Acoustics 

Acoustics is the science that deals with the study of mechanical waves in gases, 

liquids, and solids, including vibration, sound, ultrasound and infrasound.Sound 

generation, propogation and effects on human beings can be given as the topics of 

acoustics. An acoustic signal can arise from a number of sources, for example 

turbulence of air, through a fluid, or the impact of a solid with another solid. 

2.1.1 What is sound? 

At a physical level, sound is simply a mechanical disturbance of the medium, which 

may be air, solid or liquid. The generation, propogation and perception of sound is 

related with mechanical vibrations. This fact can be proved with vibrations of sound 

producing musical instruments like guitar, if the vibration stops, no sound is heard. 

Acoustic signals require a medium for propogation and cannot travel in empty space. 

Speed of sound wave dependsonmedium, whichinsound wave travels. Sound waves 

travel much faster in solids than in liquids and gases. 

2.1.2 Speed of sound 

The speed of sound in gases can be calculated from following equation [1]; 

 c
2
=γRTK  

in this equation; 

c : speed of sound in meters per second 

(2.1) 
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γ : adiabatic index (ratio of the specific heat capacity at constant pressure to the 

specific heat capacity at constant volume) 

R : gas constant 

TK :absolute temperature in Kelvin 

2.1.3 Propagation of sound 

Sound is defined as a mechanical disturbance and travel through the medium, and to 

generate mechanical disturbance,  mechanical vibration is needed. Depending on the 

movement direction of the particles, mechanical wave is called longitudional or 

transverse waves. 

Sound is transmitted through gases and liquids as longitudional waves. Longitudional 

waves have the same direction of vibration as their direction of travel.To better 

understanding of longitudional and transverse sound waves, figure (2.1) can be 

considered. When a force is applied to spring at horizontal direction , compression 

and expansion travels along the spring, same happens for air molecules during the 

sound propagation . 

 

Figure 2.1 : Transverse and longitudional waves 

Sound is transmitted through solids as both longitudional waves and transverse 

waves. A transverse wave is a moving wave that consists of oscillations occuring 

perpendicular to the direction of energy transfer. If spring is excited up and down 

direction at one end as shown figure (2.1), wave propagation is perpendicular to 

oscillations direction. 
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2.1.4 Frequency, amplitude and wavelength of sound 

Sound waves have three important properties, these are amplitude, frequency and 

wavelength of the sound. 

Frequency indicates the number of cycles per second and this is measured in Hertz 

(Hz). The frequency of a sound not shows only the number of back and forth 

vibrations of the particles per unit of time, also it shows the number of compressions 

and rarefactions at a point per unit of time. 

 

Figure 2.2 : Detection of pressure oscillations with using detector  

The ear of a human is capable of detecting sound waves which frequencies ranging 

between 20 Hz to 20.000 Hz. Sound waves below 20 Hz is called as infrasound and 

sound waves with a frequency above 20.000 Hz is referred as ultrasound. 

 

Figure 2.3 : Classification of sound waves 
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The amplitude of a sound wave is represented by the height of the wave which 

corresponds to areas of high and low pressure called compressions and rarefactions.  

 

 

Figure 2.4 : Schematic view of sound wave’s fundamental parameters 

When sound waves travel from one medium to another their speed remains the same. 

Sound waves frequency, wavelength and speed  depend each other. 

c=λ.f 

in this equation; 

c : speed of the sound wave 

λ : wavelength of the sound wave 

f : frequency of the sound wave 

2.1.5 Sound pressure and sound pressure level 

Sound pressure is the local pressure deviation from the ambient atmospheric pressure 

caused by sound wave.Sound pressure in air can be measured with microphone. The 

SI unit for the sound pressure is the Pascal (Pa) [2]. 

Sound pressure level is a logarithmic measure of the effective sound pressure of a 

sound relative to a reference value. It is measured in decibels (dB) above a standard 

reference level. The commonly used reference sound pressure in air is 20 µPa RMS, 

which is considered the threshold of human hearing at 1000 Hz [2]. 

dB 

P : sound pressure (Pa) 

Pref : reference sound pressure 

(2.2) 

(2.3) 
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2.1.6 Sound power and sound power level 

Sound power is the acoustical energy emitted by the sound source and not effected 

by the environment. A sound source produce a certain amount of sound energy per 

unit time (joule/sec). 

Sound power level is expressed in decibel scale like sound pressure level and the 

reference sound power is 10
-12

 W which is the lowest sound level human can discern.  

dB 

W: sound power 

Wref: reference sound power 

2.1.7 Sound intensity and sound intensity level 

The rate of sound power in a particular direction through a particular area is defined 

as sound intensity. The sound intensity is a vector quantity, it has magnitude as well 

as direction[3]. The basic units of sound intensity are watts/m
2
 or watts/cm

2
. 

 

Figure 2.5 : Sound intensity from a spherical sound power 

The intensity of the sound wave decreases with the increasing distance from the 

source. Sound intensity can be expresssed as following equation. 

 

W: sound power (W) 

(2.4) 

(2.5) 
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A: particular area (m
2
) 

If the distance between sound source and point is r, the sound intensity is; 

 

Human ear can detect a large range of sound intensity, so logarithmic scale usually 

use to masure it. The lowest sound intensity which human ear can detect is 10
-12

 

W/m
2
 and this is the reference sound intensity using to calculate sound intensity 

level. 

 

Iref=10
-12

 W/m
2 

2.1.8 Diffraction of sound 

Objects placed in a sound field may cause diffraction. But the size of the obstruction 

should be compared to the wavelength of the sound field to estimate the amount of 

diffraction.If the obstruction is smaller than the wavelength, the obstruction is 

negligible. If the obstruction is larger than wavelength, the effect is noticeable as a 

shadowing effect[4]. 

 

Figure 2.6: Diffraction of sound 

 

(2.6) 

(2.7) 
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2.1.9 Diffusion of sound 

Diffusion occurs when sound waves pass through holes. If the holes are small 

compared to the wavelength of the sound, the sound passing will re-radiate in an 

omnidirectional pattern similar to the original sound source.When the hole has larger 

dimensions than the wavelength of the sound, the sound will pass through with 

negligible disturbance. 

 

Figure 2.7: Diffusion of sound 

2.1.10 Reflection of sound 

Reflection occurs when sound hits obstructions large in size compared to its 

wavelength. If the obstructin has very little absorption, all the reflected sound will 

have equal energy compare to the incoming sound. This is the important design 

principles of constructing reverberant rooms. If almost all reflected energy is lost due 

to the high absorption in the reflecting surfaces, anechoic rooms condition is 

satisfied.  

 

Figure 2.8: Reflection of sound 
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2.1.11 Psychoacoustics 

Psychoacoustics is the scientific study of sound perception. Human hearing , human 

perception of sound, limits of human ear are some topics of psychoacoustics. 

2.1.11.1 Ear structure and hearing mechanism 

The human ear is extremely sensitive to very small amounts of acoustic energy and 

capable to work a large acoustic energy interval. To understand auditory perception, 

the structure of ear, the fundamentals of hearing , the processing of auditory 

information must be observed. 

 

Figure 2.9: Structure of ear 

The three parts of the outer ear are the pinna which is the outer visible part of the ear, 

the ear canal and ear drum. Sound waves are collected by the  pinna,  travel through 

the ear canal and cause eardrum to vibrate. 

The function of the middle ear is to amplify the sound vibrations of the 

eardrum.Vibrations from the eardrum are passed to the three small bones inside the 

middle ear. In middle ear there is a 20 fold increase in pressure. Thesound 
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wavestravel the cohlea which is the inner ear organ converts mechanical energy 

produced by the eardrum into electrical pulses which are sent to the brain hearing 

center. 

2.1.11.2 Perception of sound 

The human ear can perceive sound with frequencies ranging from 20Hz to 20000Hz 

as shown figure (2.10), the threshold of hearing curve shows that the human ear is 

most sensitive between 2000 Hz and 5000 Hz. Hearing threshold increase below 300 

Hz and above 8000 Hz, so much higher sound levels required to be audible [5].As 

humans age increase hearing capability decreases especially at high frequencies. 

 

Figure 2.10 : Limits of human auditory system 

In terms of sound pressure level hearing range can be scaled between the 0 dB(A) 

which is considered as threshold of hearing and 140 dB(A) which is considered as 

threshold of pain. 

Ear’s perception of a sound strength is described as loudness. Loudness depends on 

sound intensity, with incresing sound intensity loudness increases, with decreasing 

sound intensity loudness decreases. 
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Loudness depends on sound frequency and sound pressure level as well as sound 

intensity. As shown figure (2.10) different sound pressure levels are required at 

different frequencies to perceived threshold loudness line. So that human ear is not 

equally sensitive to all frequencies and A weighting filter is used to adjust sound 

measurements to correspond to loudness as perceived by typical human.  

 

Figure 2.11: Equal loudness contours 

Due to the fact that human ear is not equally sensitive to all frequencies,  equal 

loudness contours as shown figure (2.11) have been developed to identify perceived 

loudness. The units of loudness are phon and sone. 

1 phon can be defined as 1 dB sound pressure level at a frequency of 1 kHz which is 

choosen as reference frequency.  

Sone has been developed to provide a linear scale of loudness. A loudness of 1 sone 

is equivalent loudness of a signal at 40 phons which the loudness level of 1 kHz tone 

at 40 dB sound pressure level.A loudness of 8 sone is twice as loud as one of 4 sone. 
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2.1.11.3 Articulation index 

The articulation index (AI) is measure of the intelligibility of hearing speech in an 

environment like a vehicle interior. The noise in the interior of a vehicle is the factor 

for intelligibility between vehicle passengers. Articulation index is calculated from 

the third octave band levels between 200 Hz and 6300 Hz center frequencies. 

1- If a particular background noise third octave spectrum level is between upper 

and lower limits then it will be a linear value between 0 and 1. 

2- If value falls above the upper limit then result=0 for that particular third octave 

band. 

3- If value falls below lower limit then result=1 for that particular third octave 

band. 

4- Multiply all of the calculated values by the AI weighting and sum all the values 

to get the articulation index in percentage terms. 

2.2 Fundamentals of Vibration 

Vibration can be defined as oscillation motion of an object around an equilibrium 

position.Excitation forces such as fluid flow, rotating unbalanced machinery, 

electrical torque, motion induced in vehicles over uneven surfaces caused vibration 

of an object. There are some ways to classify vibrations. When a mechanical system 

vibrates with an initial disturbance and no external force acts on it, the vibration is 

referred as free vibration. Oscilation of a simple pendulum is an example of free 

vibration. If an external energy source is caused vibrations, the vibrations are 

referred as forced vibrations. Forced vibrations may be either deterministic or 

random.The oscilations in a diesel engine that resuls from an external force such as 

combustion is an example of forced vibration [6]. Free and forced vibrations can be 

classified as undamped vibrations which during the oscillation there is no energy 

lost, viscously damped and structurally damped vibrations which during the 

oscillation there is energy lost [6].Another way to classify vibration is linearity or 

nonlinearity of vibration. If the basis components of a vibrating system such as 

spring, mass and damper behave linearly, the vibration is classified as linear 
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vibration. If any of the components behave nonlinearly, the vibration is classified as 

nonlinear vibration [6]. The vibration is called deterministic vibration, if the external 

force magnitude is known at any time. In some cases, the excitation acting on 

vibrating system nondeterministic, magnitude of the excitation is unknown and the 

value of excitation can not predicted at any time and the resulting vibration is called 

random vibration. 

2.2.1 Vibration analysis 

A complex vibrating system behaviour can be determined with modeling vibrating 

system as simple mass-spring-damper model. The response of a vibration system 

depends on initial conditions and excitations. The vibration analysis of a system can 

be performed in four steps; 

1- Mathematical modelling of the physical system 

2- Formulation of governing equations 

3- Mathematical solution of governing equations 

4- Physical interpretation of results 

2.2.1.1 Undamped free vibrations 

If an external energy source is applied to disturb equilibrium position and then 

removed, the resulting vibrations are referred as free vibrations. If there is no energy 

loss during the oscillation, the free vibration is called undamped free vibration. 

 

Figure 2.12 : Spring-mass model 

Simple spring-mass model as shown figure (2.12) can be observed to understand 

undamped free vibrations analysis. Mass can move only in the vertical direction, 
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andthe motion of the system can be described with a single coordinate so that it is 

called single degree of freedom system. 

If the deformation of the spring from equilibrium position is x, the force applied to 

the mass is calculated as shown in equation (2.8) 

Fs=-kx 

Applying Newton’s second law, the governing equation for the vibration motion can 

be defined asdifferential equation (2.9) 

 

If the system starts to vibrate with streching the spring by the distance of A, the 

solution of the equation (2.9) can be expressed as shown equation (2.10) which 

describe the motion of the mass. 

 

This is a harmonic motion . A is the amplitude and fn is the frequency of the motion. 

fn is called as undamped natural frequency can be defined as following. 

 

 

(2.11) 

Frequency of the system is determined by the mass and spring constant of the 

system, and initial conditions do not effect the vibration frequency of undamped 

system. 

2.2.1.2 Damped free vibrations 

If a viscous damper is applied to thespring-mass model as shown figure (2.13), the 

system will be subjected to viscous damping. Viscous damping force is proportional 

to the velocity of the mass and acts in the opposite direction of the velocity of the 

mass. 

(2.8) 

(2.9) 

(2.10) 
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Figure 2.13 : Spring-mass-viscous damper model 

Viscous damping force can be expressed asequation (2.12) ; 

 

 c is called damping constant or coefficient of viscous damping. 

By applying the Newton’s second law to the system following differential equation 

can be written ; 

 

Motion character of the system is defined by damping ratio. If the damping on the 

system is small, the system continue to vibrate but will stop over time. This case is 

called under damping. Second case is the critical damping in which damping is 

increased to the critical damping point at which system no longer vibrate. If the 

damping is more than critical damping, the system called as over damped. 

For mass-spring-damper model, critical damping value is defined as following. 

 

The amount of damping in a system can be characterized by damping ratio which is 

defined as the ratio of the actual damping over critical damping for the system as 

shown equation (2.15) .  

 

The solution of equation (2.13) for under damped system is expressed as following; 

 

(2.12) 

(2.13) 

(2.14) 

(2.15) 

(2.16) 
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In Equation (2.16), X is the initial magnitude and φ is the phase shift. Initial 

magnitude and phase shift is determined with the amount of spring stretch. 

The exponential part of the equation (2.16) defines the how quickly the system is 

damped, the larger damping ratio causes the quicker damping. The cosine term in the 

equation (2.16) is the oscillating portion of the system. The frequncy is different 

from undamped natural frequency and called damped natural frequency which is 

expressed as following. 

 

Figure (2.14) shows how different damping ratios effect the system behaviour. 

 

Figure (2.14) : Underdamped free vibrations with different damping ratios. 

(2.17) 
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2.2.1.3 Undamped forced vibrations 

When an harmonic external force is applied to spring-mass system, the equation of 

motion can be expressed as; 

 (2.18) 

 (2.19) 

 
(2.20) 

Solution of the differential equation; 

 
(2.21) 

In this equation A1 and A2 are evaluated by applying initial conditions. This equation 

shows that, the motion of the mass is the sum of the free vibration and forced 

response. 

From eqution (2.21) amplitude of the forced response can be expressed as; 

 

 

(2.22) 

2.2.1.4 Damped forced vibrations 

If a viscously damped spring-mass system as shown figure (2.13) subjected to a 

harmonic force, the equation of motion can be expressed as following by applying 

Newton’s second law; 

 (2.23) 
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 (2.24) 

 
(2.25) 

Steady state solution can be expressed as; 

 (2.26) 

This solution states that the system vibrate at the same frequecy with applied force 

with a phase shift. 

The amplitude of the vibration can be expressed following, 

 
(2.27) 

In equation (2.27) r is defined as the ratio of the harmonic force frequency over the 

undamped natural frequency of mass-spring-damper model. 

 

Phase shift φ is defined as following, 

 

2.3 Frequency Response Function 

Fundamentally a frequency response function is a mathematical representation of  

relationship between the input and output of a system. The basic formula for a 

frequency response function can be expressed as; 

 

(2.28) 

(2.29) 

(2.30) 
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H(f) is the frequecy response function 

Y(f) is the output of the system in frequency domain 

X(f) is the input of the system in frequency domain 

If a SDOF system subjected to a harmonic external force shown figure (2.15) is 

considered, system frequency response function can be expressed as following; 

 

Figure 2.15 : Single degree of freedom sytem 

The governing equation of motion can be written as; 

 

To solve equation (2.31) , laplace transform can be used. The laplace transform is 

often interpreted as a transformation from time domain to the frequency domain. 

Taking the initial velocity and displacement as zero, the laplace transform of 

equation (2.31) can be expressed as; 

 

Transfer function of a system is defined as ratio of the output of the system to the 

input of the system. 

(2.31) 

(2.32) 



 

 

23 

 

 
(2.33) 

 
(2.34) 

This transfer function becomes the frequency response function when only the 

imajinary part of the s operator is considered [7]. 

 

This form of frequency response function is called as receptance α(ω) , where the 

response parameter is displacement. As shown equation (2.35), frequency response 

function is independent of the excitation. 

 

If output of the system is velocity, frequency response function is called as mobility 

and expressed as following; 

 

If output of the system is acceleration, frequency response function is called as 

accelerance and expressed as following; 

 

It is evident that the three types of FRFs, α(ω), Y(ω) and A(ω) are easily 

interchangeable. All three are complex functions of frequency. Their amplitudes 

follow [7]. 

(2.35) 

(2.36) 

(2.37) 

(2.38) 
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 (2.39) 

The phase difference among them remains constant at any frequency, 

 

These represent the main formats of frequency response functions, although 

frequency response functions can be written inverse forms, table 2.1 gives the 

definitions of all six frequency response functions[8]. 

 

Table 2.1 : Definition of frequency response functions 

There are different ways to plot frequency response function data. On the other hand 

there is a complication to plot frequency response function data, the reason of this 

complication is the frequency response functions are complex, so that there are three 

quantities; frequency and two parts of complex function. Because of that three 

quantities can not be displayed on a simple x-y graph. 

(2.40) 
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Most common way of presenting frequency response function is to plot modulus of  

frequency response function versus frequency and phase versus frequency.Typical 

frequency response functions of a single degree of freedom system are shown 

following figures. 

 

Figure 2.16 : Receptance FRF plot for undamped SDOF system 

 

Figure 2.17 : Mobility FRF plot for undamped SDOF system 
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Figure 2.18 : Accelerance FRF plot for undamped SDOF system 

For a MDOF systems, governing equations of motion can be expressed in matrix 

form as shown equation (2.41), 

 

For an N degrees of freedom system, 

[M] : Mass matrix (NxN) 

[C] : Damping matrix (NxN) 

[K] : Stiffness matrix (NxN) 

A complicated structure called MDOF system which have a large number of masses, 

springs and dampers can be understood as superposition of SDOF systems. So that 

the frequency response function of a MDOF system can be represented as 

superposition of SDOF systems frequency response functions. For example a 3 

(2.41) 
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degrees of freedom system frequency response function shown in figure (2.19) can 

be occured with superposition of each SDOF system frequency response function. 

 

Figure 2.19 : Breakdown of MDOF system frequency response function 

2.4 Fundamentals of Vehicle NVH 

In this part of the study, vehicle NVH fundamentals are tried to summarize briefly. 

NVH is an acronym for Noise , Vibration and Harshness. Noise shall be used to 

describe audible sound mainly in the 20Hz – 20000Hz frequency range and 

characterized by frequency, level and quality.Vibration shall be used to describe as 

motion sensed by the body mainly in the 0.5Hz – 50Hz frequency range and 

characterized by frequency, level and direction.Harshness is described as combined 

effects of noise and vibration. Vehicle NVH characteristics not only contribute to the 

luxury level of the car. They have also an impact on customer satisfaction, warranty 

cost and brand image. 

At the beginning of a new vehicle program, the benchmarking of competitor vehicles 

is the most important study to set vehicle level NVH targets which then cascaded to 



 

 

28 

 

subsystem and component level targets.A high level of understanding is needed to 

relate component and subsystem requirements to the NVH phenomenon at the 

vehicle level. Defining component and subsytem level targets properly need to 

understand each component parameters effect on the system or sub-system NVH 

characteristics. This process is very important and should be lead properly to achive 

the vehicle level NVH targets at the end of the program. 

Overall vehicle NVH performance results from the three main sub-attributes which 

are Powertrain NVH, Road NVH and Wind NVH. Different design methodologies 

and strategies are used to develope each sub-attributes. For example to develop a low 

noise powertrain, CAE based NVH optimizations should be performed at the 

beginning of the design phase, because specific design parameters can predefine the 

powertrain sound. Similarly,proper stiffness and dampig selection for suspension 

bushes, wheel and chassis dynamics, selection of proper tire are more effective 

parameters for Road NVH development.In the same way, proper exterior shape, 

good sealing strategy and proper door settings are the important parameters to 

develop Wind NVH. 

2.4.1 Structure-borne and air-borne sound 

Sound wave is transferred from sound source to receiver in two different ways which 

are structure-borne and air-borne. During the interior  NVH development studies it is 

important to determine the transfer way of the sound to the cabin which causes a 

noise issue. Because the development strategies and improvement locations on the 

vehicle are different for structure-borne  and air-borne related noise. For example, 

structure-borne interior noise level can be reduced with optimizing engine mounts, 

cabin suspension systems or damping pad application on cabin panels. However, to 

develop the windnoise performance of a vehicle, sealing strategy, exterior shape of 

the vehicle or door gap setting process should be improved. 

A large portion of noise is generated by the vibration of solid structures.The 

mechanical energy involved has often been transmitted from remote mechanical or 

acoustical sources by means of audio frequency vibrational waves propogating in 

connected structures. The associated phenomena and process are collectively 

classified as structure-borne sound [5]. “Borne” is meaning to “carry”. 
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As an example, sound radiation from the engine comes from the structure-borne 

excitations. Force due to the combustion and movements of components such as cam 

shaft, valves, pistons, cranckshaft is transferred to the vehicle body panels through 

the engine mounts and vehicle suspension system. This force excites the vehicle 

cabin panels and vibrating panels causes the sound radiation which is called 

structure-borne sound. 

 

Figure 2.20 : Structure-borne and air-borne engine radiated noise 

Another type of noise is air-borne noise which is generated by air pressure acting on 

the exterior of the vehicle body. Absorption materials and sealing materials are 

generally used to reduce interior air-borne noise level. 

Another way of sound radiation from the engine occurs due to the engine block 

vibrations during the engine combustion and this noise is transferred in air, through 

the openness of the vehicle to the vehicle interior and to the ear of driver and 

passenger, and this type of sound transmission is called as air-borne sound.  

2.5  Panel Acoustic Contribution Analysis 

Panel acoustic contribution analysis is a practical engineering tool to improve the 

NVH quality of a vehicle. One of the requirements to design a quiet and high quality 

vehicle is to minimize the structure borne related noise in the passanger 
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compartment. Thin body panels vibrate due to excitation coming from powertrain, 

road, tire and windnoise causes the structure borne noise in passanger 

compartment.To reduce structure borne noise levels in the vehicle cabin, 

improvement studies are performed at different areas such as engine mounts, 

suspensions, body panels. 

Panel Acoustic Contribution Analysis has been developed to reduce the interior 

sound pressure levels. The partial sound pressures generated by individual panels 

superimpose to produce the resultant interior sound pressure level. Panel Acoustic 

Contribution Analysis can determine the partial acoustic contributions of vehicle 

body panels to the resultant interior sound pressure, and the categorized the 

individual panels according to their contribution [9]. PACA is used in design stage to 

reduce interior noise level and improve structural acoustic deficiencies. 

Vehicle interior sound pressure level is the superposition of acoustic pressures 

generated by individual panels. However, specific areas of body panels contributions 

are different on total interior sound level. Positive contribution areas increase the 

sound pressure level as vibration amlitude increases, negative contribution areas 

decrease the sound pressure level as vibration amplitude increases and neutral areas 

have not significant effect on the sound pressure levels. Based on this information, 

the interior sound pressure level may not be reduced with reducing the vibration 

amplitude of each panel. If the vibration amplitude of a negative contribution area is 

reduced, the interior sound pressure level is increased. Therefore decreasing 

vibration amplitude at negative contribution area causes the degradation on NVH 

quality and increasing weight and cost. As a result, it is important to understand the 

contribution of individual panels and specific areas on panels to total interior sound 

pressure level before implementing any structural modification to provide the NVH 

refinement. 

Panel acoustic contribution analysis is based on frequency response calculations of 

the coupled structure-acoustic system, which consists of enclosed acoustic cavity and 

the elastic auto body panels. This coupled structural-acoustic system is subjected to 

force or displacement boundary conditions and discretized with the finite element 

method to yield the following equations [9]. 
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(2.42) 

where the upper equation refers to the structural system and lower equation refers to 

the acoustic system. In this equation  is the nodal displacement vector of the 

structure at the grid points of the structural finite element model,  is the sound 

pressure vector of the interior sound field, [M] is the mass matrix, [C] is the damping 

matrix, [K] is the stiffness matrix,  is the structural load vector,  is the 

acoustic load vector, A is the coupled relationship between sound pressure and 

structural nodal displacement. The structural and acoustic equation of motion are 

coupled through the matrix A. The suffixes s refers to structure and f refers to 

acoustics and the superscript T expresses the transpose. 

Equation (2.42) is in time domain and can be changed to another equation in the 

frequency domain using the Fourier transform method; 

 

and Z can be defined as, 

 

Substituting equation (2.44) into equation (2.43), rearranging equation (2.43) and 

supposing no acoustic load yields an equation of the sound pressure in the frequency 

domain as expressed below, 

 

In this equation,  is the radial frequency and .  is the transform of  

in the frequency domain. 

(2.43) 

(2.44) 

(2.45) 
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Equation (2.45) expresses the relationship between the sound pressure and structural 

nodal displacement at the vehicle body panels around the interior sound field.Thus, 

the sound pressure at any field point in the interior sound field can be calculated by 

the nodal vibration amplitudes of all vehicle body panels around the interior sound 

field [9]. 

The total sound pressure at any field point N, is a complex value and is the 

superimposition of all the partial sound pressures related to each panel vibration 

amplitudes and can be expressed as following equation, 

 

where is the partial sound pressure at field point N generated from panel j due to 

the structural vibration, and n is the total number of vehicle body panels.Since  

and  are both treated as vectors in the complex domain, the projection of the 

partial sound pressure generated from a given panel j onto the resultantsound 

pressure can be defined as the acoustic contribution of this panel [9]; 

 

where  denotes the magnitude of the sound pressure at field point N. 

The acoustic contibutions of individual panels can be in phase or out of phase with 

respect to the resultant sound pressure. This means that the panel’s acoustic 

contribution can be positive if it is in phase or negative if it is out of phase. If its 

contribution is relatively small, it can be considered as a neutral area, and has no 

significant effect on the resultant sound pressure level. The related panels and 

regions can then be called as positive, negative or neutral areas. 

2.5.1 Numerical methods for interior noise analysis 

Nowadays , numerical calculation techniques is becoming more and more widely 

used in the vibro-acoustic analysis and design of vehicles to improve the acoustic 

(2.46) 

(2.47) 
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performance and ride comfort of the vehicles[10].Numerical methods enables the 

acoustic and automotive engineers to perform numerous design iterations and study 

their effects using a computer without manufacturing vehicle prototypes[11]. 

Numerical calculation methods used in the vibro-acoustic analysis of vehicle mainly 

include finite element method (FEM), boundary element method (BEM) and 

statistical energy analysis (SEA), each of them is suitable for different frequency 

range and the type of the structure[10]. 

In the automotive industry, based on their frequency range, the vibro acoustic 

problems separate three domains. The low frequency range is identified as the 

domain for which dimensions of the subsystems may be considered short with 

respect to the wavelength.The high-frequency field is defined as the frequency range 

for which the components of a system are long with respect to the wavelength.This 

characteristc implies that the presence of small uncertainties in the properties of the 

subsystem can dramatically influence the response of the structure. Finally, the mid-

frequency domain is defined as a transition region. In this field, the structure is 

constituted of two classes of subsystems, respectively exhibiting a low-frequncy and 

high-frequency behavior[10]. 

FEM and BEM are deterministic element-based methods. The current computational 

resources allows these methods to be efficient even for complex structures as far as 

the low-frequency domain is concerned[10]. 

However, as the frequency increases, the wavelenghts decrease and hence the 

discretization of mesh must be refined. On the other hand, the increasing sensitivity 

of the responses to small perturbations implies that performing deterministic 

simulations is meaningless. 

The statistical energy analysis (SEA) is used to simulate the behavior of vibro-

acoustic system at high frequencies. SEA is a substructuring analysis method which 

the structure partitioned into subsystems and the frequency range is seperated 

intosmaller frequency bands.The energy stored in each subsystem is derived for each 

frequency band. 
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Usually structure-borne noise in vehicles is predominant in frequencies up to 250 Hz 

due to the powertrain components of  vehicles which are the most important 

excitation source have predominant excitation levels up to 250 Hz. 

In this study, the finite element method (FEM) is used to model and analyze the 

acoustic characteristic of a heavy truck cab and to perform panel acoustic 

contribution analysis to reduce the interior structure-borne noise by controlling the 

body panel vibration without any improvement on powertrain mount system and cab 

suspension system. The analysis frequency range is defined as 20-200 Hz. The sound 

pressure responses in the interior sound field is calculated with the commercial FEM 

code MSC.NASTRAN. 

2.5.2 Experimental test methods for panel acoustic contribution analysis 

A number of different types of experimental approaches are exist for sound source 

localisation and panel noise contribution analysis in vehicles. The aim is detect the 

acoustically weak areas of the vehicle and perform corrective actions to provide 

improvement in terms of vehicle acoustic. Panel noise contribution is a measurement 

to analyse and quantify sound pressure contributions from certain interior panels to a 

reference position. The method consists of two parts, determination of source 

strength and determination of the transfer path[12]. 

The source strength can be determined either by sound intensity measurements or by 

particle velocity measurements. Transfer path measurements from the source to 

reference point must be performed for both methods. 

2.5.2.1 Window method for sound source localisation 

This method is performed to find out the contribution of each surface to the interior 

noise level in the passanger compartment. To apply this method the interior 

compartment is covered completely with insulation material that blocks the sound 

from penetrating into the passenger compartment. By leaving one area uncovered 

and blocking al the other ones it is possible to identify the sound contribution from 

this area[13]. This procedure is repeated for all areas. Drawbacks of this method are 
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enormous effort, disturbance of the interior acoustics due to insulation materials and 

very time consuming. 

2.5.2.2 Intensity based technique for sound source localisation 

The measurement of sound intensity is the another acoustic and non contact way of 

measuring the sound emission. Traditionally PP intensity probes used for this method 

to determine the particle velocity and pressure. The gradients of two pressure 

microphones represents the particle velocity.Furthermore the PU probe is used to 

directly measured particle velocity and the sound pressure. 

In contrast to the window method, the intensity based method use intensity 

microphones to detect the sound contributions from radiating panels directly.There is 

no need to cover passenger compartment with insulation material and the process is 

faster than window method. 

2.5.2.3 Laser scanning vibrometry for sound source localisation 

The laser scanning vibrometry technique is used to the determine the surface 

velocities and accelerations. In contrast to the traditional accelerometer 

measurements, laser-scanner vibrometers enable to measure surface velocities in a 

non-contacting way and therefore do not interfere with the surface or even change its 

vibration[13].Drawbacks of this technique is if the laser beam does not strike to the 

surface perpendicularly, the measured velocity will underestimate the real one. 

Furthermore non-reflecting and fibrous materials may cause some acquisation 

difficulties. 

2.5.2.4 Partical velocity based method for sound source localisation 

This method is based on a particle velocity sensor which can be regarded as a 

micromachined hot wire anemometer. Traditionally surface velocity is approximated 

by measuring the structural vibration using accelerometers or laser vibrometer. These 

methods are very time consuming to measure the structural vibration. Furthermore, 

only structural velocity is measured using accelerometer and laser vibrometer and 
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airborne leaks can not be observed. Partical velocity sensor can directly measure the 

surface velocity. 

 

Figure 2.21 : PU probes for panel acoustic contribution analysis 

The probes are placed along the interior surface of the passenger cabin as shown 

figure (2.21). The measurement locations for all probes should be choosen by an 

acoustical engineer to select the most suitable positions. This method is not restricted 

to test bench measurements, therefore there are no limitations regarding driving 

conditions[13]. 
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3.  INTERIOR STRUCTURE-BORNE NOISE REDUCTION IN A HEAVY 

TRUCK CABIN USING PANEL ACOUSTIC CONTRIBUTION ANALYSIS 

Up to now, theoretical basis of acoustics and vibration has been introduced. Some 

basic definitions of Vehicle NVH was summarized briefly. The theoritical 

background of the panel acoustic contribution analysis was explained and numerical 

methods for interior noise analysis, the common experimental methods used for the 

determination of noise contributions from each panels have been introduced. 

In this study, the intention is to investigate the structure-borne noise, which is caused 

by the vibrating cabin panels and to determine the contribution of each panel to the 

interior noise level in a heavy commercial truck cabin and try to find improvement 

treatmentsto reduce the vehicle interior noise. The finite element method (FEM) was 

used to calculate structural characteristics of the body and to calculate the sound 

pressure responses in the interior sound field. The experimental tests have been 

performed to obtain NTFs and VTFs between specified locations. The correlation 

study between finite element model results and the experimental test results have 

been performed with using NTFs and VTFs to evaluate the accuracy of the 

structural-acoustic finite element model. Then, structural-acoustic finite element 

model was used to perform panel acoustic contribution analysis to determine the 

cabin panels which contribution are most to the interior noise level at driver ear 

position. Based on the panel acoustic contribution analysis results, damping 

treatments were applied for the most critical panels and structural-acoustic finite 

element model was updated with these modifications.Modified structural-finite 

element model was used to perform panel acoustic contribution analysis to observe 

the improvement of damping treatment on interior noise level. Experimental modal 

tests to obtain NTFs and VTFs and vehicle level road tests have been conducted with 

and without damping pad application on critical panels to observe vehicle level 

improvement. 
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3.1 Structural Finite Element Model 

In this study, cabin trimmed body structural finite element model as shown 

figure(3.1) was used to CAE studies. The cabin is composed many components and 

parts such as beams, pillars, plates, seats, floormats, and interior trim parts. 

Modelling all parts and components causes a large number of elements in the model 

and increase the computation time. To reduce the model size, the structural model is 

not include all the details of the some parts. The doors were connected to the body 

with hinges, spring and damping structural elements were used to model door 

sealing.The connection between the sunroof and the cab were supposed to be rigid 

and sunroof rubber sealing elasticity was not considered.Floormats, headliner trim, 

rear panel trim, quarter panel trim, were not modeled. Instead, their mass and inertia 

properties were represented as spread weight over the cabin panels surface. The 

connection features between the sheet metal and other connections have been 

simulated accurately. The thickness and  material properties of the parts have been 

inserted properly. The structural finite element model of the trimmed body consist of 

approximately 1600000 elements and the number of the total nodes is 1800000. 

 

Figure 3.1 : Structural finite element model 
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3.2 Cavity (Acoustic) Finite Element Model 

In order to analyze the interior moise, the acoustic cavity of the cabin should be 

modeled and meshed such that the vibrations coming from the structure can be 

transferred across the outer envelope of the cavity mesh[14]. The cabin interior air 

mass was modeled as a fluid. Fluid property is the same as that of air, with the speed 

of sound 340 m/s and the density is 1.225 kg/m
3
. The acoustic cavity model consists 

of approximately 13000 fluid elements and the number of total nodes is 14838. 

The cavity mesh is much coarser when compared with the structural mesh. A process 

called mesh mapping was performed to link the structural model nodes with the 

acoustical model nodes such that the velocities calculated at the structural nodes can 

be used for the acoustical analysis[14]. 

 

Figure 3.2 :  Cavity finite element model 
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3.3 Experimental Test Setup and Equipments 

Experimental measurements have been performed on a representative cabin to obtain 

NTFsand VTFs data at İTÜ OTAM semi-anechoic chamber and NTFs and VTFs 

were used to validate the correlation of CAE model. Due to the OTAM semi-

anechoic chamber dimensions, experimental tests could not be carried out on real 

vehicle. The tests have been performed on a representative cabin which is mounted 

on a specific transportation platform with representative cabin suspension system. 

The cabin has been excited by using B&K impact hammer at front left / right cabin 

suspension cabin side and rear left / right cabin suspension cabin side locations. 1 

B&K microphone was used to measure the sound pressure levels at driver outer ear 

position. 141D B&K accelerometers were used to measure panels vibrations at 

specific points. 

 

Figure 3.3 : Test equipments 
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3.4 Validation of CAE Model Accuracy 

Finite element  model accuracy for predicting noise and vibration behaviour of cabin 

should be checked to be able to continue panel acoustic contribution analysis on 

finite element model. For this intent, CAE analysis and experimental tests have been 

performed to carried out NTFs and VTFs data which were used for the validation of 

finite element model accuracy. Same locations have been excited during both CAE 

analysis and experimental tests, noise  transfer functions and vibration transfer 

functionshave been obtained at same locations. So that CAE and experimental test 

results can be compared to evaluate the finite element model accuracy. 

 

Figure 3.4 : Front left suspension arm-X_driver outer ear NTF comparison 

 

Figure 3.5 : Front left suspension arm-Y_driver outer ear NTF comparison 
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Figure 3.6 : Front left suspension arm-Z_driver outer ear NTF comparison 

 

Figure 3.7 : Front right suspension arm-X_driver outer ear NTF comparison 

 

Figure 3.8 : Front right suspension arm-Y_driver outer ear NTF comparison 
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Figure 3.9 : Front right suspension arm-Z_driver outer ear NTF comparison 

 

Figure 3.10 : Rear left suspension-X_driver outer ear NTF comparison 

 

Figure 3.11 : Rear left suspension-Y_driver outer ear NTF comparison 
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Figure 3.12 : Rear left suspension-Z_driver outer ear NTF comparison 

 

Figure 3.13 : Rear right suspension-X_driver outer ear NTF comparison 

 

Figure 3.14 : Rear right suspension-Y_driver outer ear NTF comparison 
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Figure 3.15 : Rear right suspension-Z_driver outer ear NTF comparison 

 

Figure 3.16 : Front leftsuspension arm-Y_SL62 VTF comparison 

 

Figure 3.17 : Front rightsuspension arm-Y_SL62 VTF comparison 
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Figure 3.18 : Rear left suspension-Y_SL62 VTF comparison 

 

Figure 3.19 : Rear right suspension-Y_SL62 VTF comparison 

As shown in the above noise transfer function and vibration transfer function 

comparison figures, the structural-acoustic finite element model accurately predicts 

the important sound pressure level and vibration level peaks and the general trend of 

the acoustic response at driver outer ear location and vibrational characteristic of the 

cabin panels.Based on the comparison results, the accuracy of the finite element 

model was considered good.  

However, differences exist between the finite element model predicted results and 

experimental test results at some frequencies ranges. The reasons for the difference 

can be explained as followings, the discrepancy between the test cabin and finite 

element model due to the limitations of modelling all the components and parts 
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accurately. The cabin is composed of many parts such as beams, panels, pillars, 

sealing materials, so that it is not possible to develop finite element models of all 

parts.Another point, experimental test results are included air-borne noise, however 

finite element model results are not, which may have effect on the sound pressure 

levels of test results. Furthermore, sound package parts and sealing materials of cabin 

were not simulated in the finite element model, their mass and inertia properties were 

represented as spread weight over the cabin panels surface. Another point is the 

manufacturing quality and variability, it is not possible to manufacture all parts as 

designed and modeled in finite element model, also some welding connections can 

be overlooked or applied at wrong locations during the manufacturing process. 

3.5 Case Study 

During the NVH development tests of the vehicle program, mid speed boom issue 

has been observed in the vehicle cabin at 10
th

gear wide open throttle maneouver. 

Computer aided engineering analysis, experimental modal tests and vehicle level 

road test measurements have been performed to find the root cause and corrective 

actions to reduce the booming noise. 

Booming  noise in the passenger compartment of a  vehicle results from the vibration 

excitation of the vehicle cabin body panels that couple with the lower order interior 

acoustic modes of the passenger compartment cavity.The powertrain forces excite 

the cabin panels and consequently cause unpleasant booming noise at low frequency 

range. The 3
th

 engine order is the firing order for a six cylinder engine. So that 

booming noise is generally occurs when there is a sudden increase in the 3
th

 engine 

order vibration levels due to the engine combustion process. As shown figure (3.20), 

based on the vehicle level road test results, the 3
th

 engine order contribution tothe 

overall interior sound pressure level is very high between 1350-1900 rpm engine 

speed range and which causes the unpleasant booming noise in the cabin interior at 

driver outer ear location. 
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Figure 3.20 :Interior sound pressure level vs RPM analysis at 10WOT 

 

Figure 3.21 : Interior sound pressure level FFT at 10WOT 
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As shown figure (3.21), there are sound pressure peaks between 65 Hz and 95 Hz 

frequency range. 65 Hz is equal to 3
th

 engine order frequency at 1300 rpm, and 95 Hz 

is equal to 3
th

 engine order frequency at 1900 rpm. The intention is to reduce the 

sound pressure levels at these frequency range. Therefore, panel acoustic 

contribution analysis has been performed for these peak frequencies to obtain the 

acoustic contributions of each cabin panels and to determine the critical locations. 

Based on the panel acoustic contribution anlaysis results, the optimum locations of 

the improvementtreatments are defined. 

To apply damping treatment and to improve the structure stiffness are two ways to 

reduce the vibration levels of cabin panels and interior sound pressure level. 

However, additional damping pads and brackets are increased the total weight of the 

vehicle and this is a disadvantage in terms of fuel economy. Damping treatments 

should be applied where necessary, because more damping treatment causes the 

increase of vehicle total weight and not to reduce the interior noise level. So that 

panel acoustic contribution analysis should be used to find panels which contribute 

most to the interior noise level and to determine the locations of damping treatments. 

3.5.1 Panel acoustic contribution analysis with CAE 

Panel acoustic contribution analysis has been performed on finite element model to 

observe the sound pressure responses in the interior sound field and to determine the 

critical panels which causes the sound pressure level increase between 65 Hz-90 Hz 

frequency range.The analysis frequency range is defined as 20 Hz-200Hz. Driver 

outer ear location was selected as characteristic field point to evaluate the structure 

borne sound distribution in the cabin interior. Based on the CAE study, it is observed 

that there are obvious peaks at 64 Hz, 70 Hz, 81 Hz, and 88 Hz. Therefore, the 

acoustic contributions of the cabin panels to these four peaks should be investigated. 

Cabin panels contributions and critical locations which causes the sound pressure 

level peaks in the vehicle have been determined using panel acoustic contribution 

analysis with CAE studies. 
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3.5.1.1 PACA results for 64 Hz 

 

Figure 3.22 : PACA results for 64 Hz peak 

3.5.1.2 PACA results for 70 Hz  

 

Figure 3.23 : PACA results for 70 Hz peak 
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3.5.1.3 PACA results for 81 Hz  

 

Figure 3.24 : PACA results for 81 Hz peak 

3.5.1.4 PACA results for 88 Hz 

 

Figure 3.25 : PACA results for 88 Hz peak 



 

 

52 

 

Panel acoustic contribution analysis can categorize the each cabin panel as positive, 

negative and neutral contribution areas according to their contributions to the total 

interior sound pressure level. Positive contribution areas increase the sound level as 

vibration amplitude increases, negative contribution areas decrease the sound level as 

vibration amplitude increases and neutral areas have no significant effect on sound 

pressure level[15]. The red areas at above figures show the positive contribution 

areas, the blue areas show the negative contribution areas and the green areas show 

the neutral contribution areas. 

Based on the panel acoustic contribution analysis with CAE, it is observed that 

left/right side panels upper and bottom sections and left/right door panel front 

sections are positive contribution areas between 65 Hz – 90 Hz which cause the 

significant increase on interior sound pressure level. 

3.5.2 Cabin panel VTFs with experimental tests 

Experimental modal tests have been performed at ITU OTAM semi anechoic room 

to carried out cabin panels VTFs to validate the CAE study results. Before 

measurements cabin panels was divided 5 parts which were called as right side panel, 

left side panel, rear panel, front panel and top panel. 28 measurement points were 

determined for each panel based on the CAE study results. The accelerometer 

positions were labeled. Special tape was used to insert the accelerometers on cabin 

panels. Since only 14 1D accelerometers were used, the measurements have been 

repeated two times for each panel and which were called as batch1 and batch2. The 

cabin was excited from cabin suspension attachment points at X, Y and Z directions 

with impact hammer.  

Based on the panel acoustic contribution analysis using finite element model, the root 

cause of the structural noise peaks between 65 Hz-95 Hz frequency range is the 

upper section of right/left side panels, the bottom section of right/left side panels and 

right/left door panels front section. The experimental measurements have been 

performed at İTÜ OTAM semi-anechoic chamber to validate the finite element 

model analysis results and as shown following figures, sameresults were obtained 

that the right and left side panel’s upper and bottom location’s and door panel’s front 

section’s vibration levels are high at same frequency range. 
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Figure 3.26 : Critical points at rightside panel 

3.5.2.1 Right side panel batch1 VTFs 

 

Figure 3.27 : Front left suspension X_cabin right side panelbatch1 VTFs 
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Figure 3.28 : Front left suspension Y_cabin right side panel batch1 VTFs 

 

Figure 3.29 : Front left suspension Z_cabin right side panel batch1 VTFs 
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Figure 3.30 : Front right suspension X_cabin right side panel’s batch1 VTFs 

 

Figure 3.31 : Front right suspension Y_cabin right side panel’s batch1 VTFs 
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Figure 3.32 : Front right suspension Z_cabin right side panel’s batch1 VTFs 

 

Figure 3.33 : Rear left suspension X_cabin right side panel’s batch1 VTFs 
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Figure 3.34 : Rear left suspension Y_cabin right side panel’s batch1 VTFs 

 

Figure 3.35 : Rear left suspension Z_cabin right side panel’s batch1 VTFs 
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Figure 3.36 : Rear right suspension X_cabin right side panel’s batch1 VTFs 

 

Figure 3.37 : Rear right suspension Y_cabin right side panel’s batch1 VTFs 
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Figure 3.38 : Rear right suspension Z_cabin right side panel’s batch1 VTFs 

3.5.2.2 Right side panel batch2 VTFs 

 

Figure 3.39 :Front leftsuspension X_cabin right side panel’s batch2 VTFs 
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Figure 3.40 : Front left suspension Y_cabin right side panel’s batch2 VTFs 

 

Figure 3.41 : Front left suspension Z_cabin right side panel’s batch2 VTFs 
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Figure 3.42 : Front right suspension X_cabin right side panel’s batch2 VTFs 

 

Figure 3.43 : Front right suspension Y_cabin right side panel batch2 VTFs 
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Figure 3.44 : Front right suspension Z_cabin right side panel batch2 VTFs 

 

Figure 3.45 : Rear left suspension X_cabin right side panel batch2 VTFs 
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Figure 3.46 : Rear left suspension Y_cabin right side panel batch2 VTFs 

 

Figure 3.47 : Rear left suspension Z_cabin right side panel batch2 VTFs 
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Figure 3.48 : Rear right suspension X_cabin right side panel batch2 VTFs 

 

Figure 3.49 : Rear right suspension Y_cabin right side panel batch2 VTFs 
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Figure 3.50 : Rear right suspension Z_cabin right side panel batch2 VTFs 

3.5.2.3 Left side panel batch1 VTFs 

 

Figure 3.51 : Front left suspension X_cabin left side panel batch1 VTFs 
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Figure 3.52 : Front left suspension Y_cabin left side panel batch1 VTFs 

 

Figure 3.53 : Front left suspension Z_cabin left side panel batch1 VTFs 
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Figure 3.54 : Front right suspension X_cabin left side panel batch1 VTFs 

 

Figure 3.55 : Front right suspension Y_cabin left side panel batch1 VTFs 
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Figure 3.56 : Front right suspension Z_cabin left side panel batch1 VTFs 

 

Figure 3.57 : Rear left suspension X_cabin left side panel batch1 VTFs 
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Figure 3.58 : Rear left suspension Y_cabin left side panel batch1 VTFs 

 

Figure 3.59 : Rear left suspension Z_cabin left side panel batch1 VTFs 
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Figure 3.60 : Rear right suspension X_cabin left side panel batch1 VTFs 

 

Figure 3.61 : Rear right suspension Y_cabin left side panel batch1 VTFs 
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Figure 3.62 : Rear right suspension Z_cabin left side panel batch1 VTFs 

3.5.2.4 Left side panel batch2 VTFs 

 

Figure 3.63 : Front left suspension X_cabin left side panel batch2 VTFs 
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Figure 3.64 : Front left suspension Y_cabin left side panel batch2 VTFs 

 

Figure 3.65 : Front left suspension Z_cabin left side panel batch2 VTFs 
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Figure 3.66 : Front right suspension X_cabin left side panel batch2 VTFs 

 

Figure 3.67 : Front right suspension Y_cabin left side panel batch2 VTFs 
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Figure 3.68 : Front right suspension Z_cabin left side panel batch2 VTFs 

 

Figure 3.69 : Rear left suspension X_cabin left side panel batch2 VTFs 
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Figure 3.70 : Rear left suspension Y_cabin left side panel batch2 VTFs 

 

Figure 3.71 : Rear left suspension Z_cabin left side panel batch2 VTFs 
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Figure 3.72 : Rear right suspension X_cabin left side panel batch2 VTFs 

 

Figure 3.73 : Rear right suspension Y_cabin left side panel batch2 VTFs 
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Figure 3.74 : Rear right suspension Z_cabin left side panel batch2 VTFs 

3.5.3 Improvement actions with CAE study 

In this study, damping layers have been applied to positive contribution areas at 

left/right side panels and door panels as shown figure (3.75)  as an improvement 

action to reduce the interior sound pressure level peaks between 65 Hz-90 Hz. Panel 

acoustic contribution analysis have been conducted with and without damping pad 

application on critical areas.  

According to the CAE results, damping pad application to the critical areas on 

left/right side panels and door panels provide improvement in terms of interior sound 

pressure level at 65 Hz – 90 Hz frequency range as shown figure (3.76). 
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Figure 3.75 : Damping pad application areas 

 

Figure 3.76 : Front left suspension Z_driver outer ear location NTF 
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3.5.4 Cabin VTFs and NTFs measurements with damping pad application 

Based on the CAE study and experimental test results, it has been observed that the  

upper and bottom section of the right / left side panels and front section of the door 

panels are the root cause of the cabin interior sound pressure level increase between 

65 Hz – 90 Hz. Damping pad  treatment was applied as a corrective action, and 

according to the CAE study results, damping pad application to the critical panels 

provide improvement in terms of interior sound pressurre level at 65 Hz – 90 Hz 

frequency range. To validate the CAE study results, experimental tests were 

peformed to obtain the NTFs at driver outer ear location and VTFs at SL12, SL13, 

SL62, SR12, SR13, SR62 points on left and right side panels which were selected as 

the most critical points. Measurements have been performed with and without 

damping pad application on critical panels at İTÜ OTAM semi-anechoic room. As 

shown following figures, damping pad application decrease the vibration levels of 

critical points and interior sound pressure level at driver outer ear location between 

65 Hz – 90 Hz frequency range. 

 

Figure 3.77 : Front left suspension arm Y_SL12 VTF 
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Figure 3.78 : Front left suspension arm Y_SL13 VTF 

 

Figure 3.79 : Front left suspension arm Y_SL62 VTF 
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Figure 3.80 : Front left suspension arm Y_SR12 VTF 

 

Figure 3.81 : Front left suspension arm Y_SR13 VTF 
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Figure 3.82 : Front left suspension arm Y_SR62 VTF 

 

Figure 3.83 : Front left suspension arm Y_ driver outer ear NTF 
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Figure 3.84 : Front right suspension arm Y_ driver outer ear NTF 

 

Figure 3.85 : Rear left suspension arm Y_ driver outer ear NTF 
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Figure 3.86 : Rear right suspension arm Y_ driver outer ear NTF 

3.5.5 Vehicle level tests 

Based on the CAE studies and experimental modal test results, it was observed that 

the high vibration levels of upper and bottom sections of left/right side panels and 

front section of door panels cause interior sound pressure level increase between 65 

Hz – 90 Hz. As an improvement action, damping pad treatment have been applied 

for critical areas which were upper and bottom section of left/right side panels and 

front section of door panels. Damping pads have been modeled and finite element 

model was updated. According to the CAE results and experimental test results, 

damping pad application on critical panels provide improvement between 65 Hz – 90 

Hz in terms of interior sound pressure level. 

After CAE studies and experimental modal tests, vehicle level tests have been carried 

out to observe the vehicle level improvement with damping pad application. Vehicle 

level tests have been performed according to CAE analysis results, damping pads 

were applied on same locations. 

0 50 100 150

S
o

u
n

d
 P

re
s

s
u

re
 L

e
v
e

l

Frequency [ Hz ]

Rear  Right Suspension Y_Driver Outer Ear
NTF

without
damping

with
damping



 

 

85 

 

Vehicle level tests have been performed on same vehicle and same test track with 

and without improvement action. During tests, the ambient conditions, like 

temperature and humidity were same. 

6 1D B&K accelerometers have been located at SL12, SL13, SL62, SR12, SR13, 

SR62 points on left and right side panels to obtain accelearation level data, and 1 

B&K microphone have been located at driver outer ear location to obtain interior 

sound pressure level. During the measurements accelerometers and microphone have 

been calibrated. 

Throught the vehicle level tests, it is important to take data during the same 

maneuver to provide the repeatability of data. Acceleration levels and interior sound 

pressure levels have been obtained at 10WOT maneuver. 

Based on the vehicle level test results, it is observed that with damping pad 

application on critical areas, vibration levels at critical locations and interior 

booming noise level were reduced. 

 

Figure 3.87 : Driver outer ear location sound pressure level vs RPM 
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Figure 3.88 :SL12 point acceleration level vs RPM 

 

Figure 3.89 : SL13 point acceleration level vs RPM 
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Figure 3.90 : SL62 point acceleration level vs RPM 

 

Figure 3.91 : SR12 point acceleration level vs RPM 
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Figure 3.92 : SR13 point acceleration level vs RPM 

 

Figure 3.93 : SR62 point acceleration level vs RPM
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4.  CONCLUSIONS AND DISCUSSIONS 

In this thesis, the intention is to investigate the structure-borne booming noise, which 

is caused by the vibrating cabin panels, and to determine the most critical panels 

which are the root cause of the interior booming noise in a heavy commercial truck 

cabin by using the panel acoustic contribution analysis method, and to find 

improvement treatments to reduce this noise. For this purpose, computer aided 

enginering studies, experimental modal tests and vehicle level road tests have been 

performed. 

During the NVH development  tests of the vehicle program, mid speed boom issue 

has been observed in the vehicle cabin at 10
th

 gear wide open throttle 

maneouver.Booming  noise in the passenger compartment of a  vehicle results from 

the vibration excitation of the vehicle cabin body panels, that couple with the lower 

order interior acoustic modes of the passenger compartment cavity. 

A structrural-acoustic finite element model of the vehicle trimmed body was 

developed to predict body vibration and interior noise characteristics. Experimental 

modal tests have been performed to obtain the vibration transfer functions and noise 

transfer functions which were used to validate the accuracy of the structural-acoustic 

model.Based on the comparison results, the accuracy of the finite element model was 

considered good. 

Panel acoustic contribution analysis has been performed on finite element model to 

observe the sound pressure responses in the interior sound field and to determine the 

critical panels which causes the sound pressure level increase between 65 Hz-90 Hz 

frequency range. 

Experimental tests have been conducted to obtain vibration transfer functions of 

cabin panels which were used to validate the finite element model panel acoustic 

contribution analysis results. It was observed that tests results showed good 

correlation with the finite element model results. 
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Damping pad application on critical panels was choosen as improvement action to 

reduce the interior booming noise level. Panel acoustic contribution analysis with 

damping pad treatment has been conducted with aid of CAE. Based on the CAE 

study results, it was observed that damping pad application provide an improvement 

in terms of interior booming noise level at critical frequencies. 

Experimental modal tests and vehicle level tests have been performed with and 

without damping pad application on critical panels to validate the CAE study results 

and to observe the vehicle level improvement. According to thevehicle level test 

results, it was observed that damping pad application on critical locations reduce the 

vibration levels and improve the interior booming noise level between 65Hz – 90Hz 

frequency range. 
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