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(5)Mining of minerals necessitates use of heavy energy intensive machineries and equipment
 leading to miners to be exposed to high noise levels. Prolonged exposure of miners to
 the high levels of noise can cause noise induced hearing loss besides several non-auditory
 health eﬀects. Hence, in order to improve the environmental condition in work place, it
 is of utmost importance to develop appropriate noise prediction model for ensuring the
 accurate status of noise levels from various surface mining machineries. The measurement
 of sound pressure level (SPL) using sound measuring devices is not accurate due to
 instrumental error, attenuation due to geometrical aberration, atmospheric attenuation
 etc. Some of the popular frequency dependent noise prediction models e.g. ISO 9613-
 2, ENM, CONCAWE and non-frequency based noise prediction model e.g. VDI-2714
 have been applied in mining and allied industries. These models are used to predict the
 machineries noise by considering all the attenuation factors.


Amongst above mathematical models, VDI-2714 is simplest noise prediction model
 as it is independent from frequency domain. From literature review, it was found that
 VDI-2714 gives noise prediction in dB (A) not in 1/1 or 1/3 octave bands as compared to
 other prediction models e.g. ISO-9613-2, CONCAWE, OCMA, and ENM etc. Compared
 to VDI-2714 noise prediction model, frequency dependent models are mathematically
 complex to use. All the noise prediction models treat noise as a function of distance,
 sound power level (SWL), diﬀerent forms of attenuations such as geometrical absorptions,
 barrier eﬀects, ground topography, etc. Generally, these parameters are measured in the
 mines and best ﬁtting models are applied to predict noise. Mathematical models are
 generally complex and cannot be implemented in real time systems. Additionally, they
 fail to predict the future parameters from current and past measurements.


To overcome these limitations, in this work, soft-computing models have been used. It
 has been seen that noise prediction is a non-stationary process and soft-computing tech-
 niques have been tested for non-stationary time-series prediction for nearly two decades.


Considering successful application of soft-computing models in complex engineering prob-
 lems, in this thesis work, soft-computing system based noise prediction models were de-
 veloped for predicting far ﬁeld noise levels due to operation of speciﬁc set of mining ma-
 chinery. Soft Computing models: Fuzzy Inference System (Mamdani and Takagi Sugeno
 Kang (T-S-K) fuzzy inference systems), MLP (multi layer perceptron or back propagation
 neural network), RBF (radial basis function) and Adaptive network-based fuzzy inference
 systems (ANFIS) were used to predict the machinery noise in two opencast mines.


The proposed soft-computing based noise prediction models were designed for both
frequency and non-frequency based noise prediction models. After successful applica-
tion of all proposed soft-computing models, comparitive studies were made considering



(6)ANFIS model gives better noise prediction with better accuracy than other proposed
 soft-computing models.
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2720; Fuzzy system; Mamdani and Takagi Sugeno Kang (T-S-K)
fuzzy inference systems; MLP; RBF; ANFIS; MATLAB
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INTRODUCTION


Noise is generated by almost all opencast mining operations from diﬀerent ﬁxed, mobile
 and impulsive sources, thereby becoming an integral part of the mining environment. It
 is deﬁned as sound without agreeable musical quality or as unwanted sound. In opencast
 mines, noise is a common environmental factor as generated by the heavy earthmoving
 machineries [1]. The equipment and environment conditions continuously change as the
 mining activity progresses. Depending on their placement, the overall mining noise em-
 anating from the mining equipment varies in quality and level. In opencast mines most
 of the mining machineries produce noise levels in the range of 90-115 dBA, exposure to
 which over long time can result in noise induced hearing loss and other non-auditory
 health eﬀects in the miners[2, 3].


Hearing loss can impair the quality of life through a reduction in the ability to com-
 municate with each other. Overall, it aﬀects the general health of the human beings
 in accordance with the World Health Organization’s (WHO) deﬁnition of health [4, 5].


Hearing loss (HL) can be deﬁned as “the decibel diﬀerence between a patient’s thresholds
 of audibility and that for a person having normal hearing at a given frequency” [6].In min-
 ing industry, hearing loss or hearing damage is considered as a serious health problem, as
 reported by various health organizations like the U.S. Environmental Protection Agency
 (USEPA), the National Institute for Occupational Safety and Health (NIOSH) and the
 WHO etc. In 1976, a study carried out by the National Institute for Occupational Safety
 and Health, for coal mining concluded that the coal miners had health conditions worse
 than the national mean and the hearing damage to coal miners were serious [7].


The impact of noise in opencast mines depends upon the sound power level (SWL)
of the noise generators, prevailing geo-mining conditions and the meteorological param-
eters of the mines. The noise levels need to be studied as an integrated eﬀect of the
above parameters. In mining conditions, the equipment conditions and the environment
continuously change as the mining activity progresses. Depending on their placement,
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 environmental noise prediction models, the noise level at any receiver point needs to be
 the resultant sound pressure level (SPL) of all the noise sources. The need for accurately
 predicting the level of noise emitted in opencast mines is well established. Some of the
 noise forecasting models used extensively in Europe are those of the German Draft Stan-
 dard VDI-2714 Outdoor Sound Propagation, Conservation of Clean Air and Water in
 Europe (CONCAWE) and Environmental Noise Model (ENM) of Australia [8, 9]. These
 models are generally used to predict noise in petrochemical complexes and mines. These
 standards or algorithms were proposed in between 1970-1985. Out of these standards,
 some are not suitable to predict noise accurately as these standards do not take into
 consideration the attenuations factors such as ground eﬀect, vegetation, barriers, indus-
 trial areas etc. To overcome this problem, International Standard Organization (ISO)
 proposed an empirical noise prediction model in 1996 [10, 11]. The algorithm used in
 these models relied for a greater part on the interpolation of experimental data which is
 a valid and useful technique, but their applications are limited to sites which are more
 or less similar to those for which the experimental data were assimilated.


In the empirical models, nearly all inﬂuences are taken into account even when they
 can not be separately recognized. This is the main advantage of these models. However,
 the accuracy of these models depends on the accuracy of the measurements, similarities
 between the conditions where the noise attenuation is analyzed and the conditions where
 the measurements are carried out, and the statistical method that is used to make the
 empirical model. The deterministic models are based on the principles of physics of sound
 and therefore, can be applied in diﬀerent conditions without aﬀecting the accuracy. But
 their implementation usually requires a great database of meteorological characteristics
 such as atmospheric pressure, atmospheric temperature, humidity, wind and so on, which
 is nearly diﬃcult to obtain. Hence, the implementation of the noise prediction models is
 usually restricted to the special area where the meteorological data can be available.


All the noise prediction models treat noise as a function of distance, SWL, diﬀerent
forms of attenuations such as geometrical absorptions, barrier eﬀects, ground topogra-
phy, etc. Generally, these parameters are measured in the mines and best ﬁtting models
are applied to predict noise. Mathematical models are generally complex and cannot
be implemented in real time systems. Additionally, they fail to predict the future pa-
rameters from current and past measurements. It has been seen that noise prediction
is a non-stationary process and soft-computing techniques like Fuzzy systems (Mam-
dani Fuzzy Inference System, Takagi-Sugeno-Kang Fuzzy Inference System), Adaptive
neural network-based fuzzy inference systems (ANFIS), Neural networks (Multi-layer
Perceptron(MLP), Radial Basis Functions (RBF), Functional Link Artiﬁcial Neural Net-
work(FLAN), Neural Fuzzy, PPN) etc. have been tested for non-stationary time-series



(26)prediction for nearly two decades. Fuzzy logic was introduced as a mathematical way to
 represent vagueness in linguistics and can be considered as a generalization of classical
 set theory. This great innovation has supplemented conventional technologies in many
 scientiﬁc and engineering applications. There is a scope of using diﬀerent soft comput-
 ing techniques: Fuzzy systems (Mamdani Fuzzy Inference System, Takagi-Sugeno-Kang
 Fuzzy Inference System), Adaptive network-based fuzzy inference systems (ANFIS), Neu-
 ral networks (Multi-layer Perceptron(MLP), Radial Basis Functions (RBF), Functional
 Link Artiﬁcial Neural Network(FLAN), Neural Fuzzy, PPN), etc. for noise prediction in
 mines.



1.1 Research Problem and the Objectives


In this research work, an attempt has been made to propose the appropriate soft com-
 puting systems for predicting opencast mining machinery noise. Due to increasing mech-
 anization of mining operations, the noise level in mines have increased over years. To
 maintain a good working environment, it is important to predict appropriate noise status
 of machineries in mines. However, the available conventional noise prediction models
 are mathematically complex and diﬃcult to use. Soft computing based noise prediction
 models were developed for prediction of the noise of machineries in diﬀerent opencast
 mines.



1.1.1 The Objectives of the Research Work


• To conduct noise survey in opencast mines to ﬁnd the noise status of various heavy
 earth moving machineries.


• To develop both non-frequency and frequency based statistical noise prediction
 models for prediction of the noise of machineries in diﬀerent opencast mines.


• To develop noise prediction models using diﬀerent soft computing techniques viz.


Fuzzy Inference Systems (Mamdani, Takagi-Sugeno-Kang Fuzzy Inference System)
 ii) Multi-layer Perceptron (MLP), iii) Radial Basis Function Network (RBFN) and
 iv) Adaptive Network based Fuzzy Inference System (ANFIS)etc.


• To develop Fuzzy logic system based noise induced hearing loss prediction models.


• To select and recommend best soft-computing model for noise prediction in opencast
mines.
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1.2 Organization of the Thesis


Seven chapters are presented in this thesis and the structure of organization of the thesis
 is depicted in Figure 1.1. A chapter-wise summary of the thesis is given below:


Chapter 1
 Introduction


Chapter 2
 Literature Review


Chapter 3


Noise Prediction in Mining Industry
 using Mathematical Models


Chapter 4


Introduction to Soft-Computing
 Techniques


Chapter 5


Soft-Computing Techniques for
 Noise Prediction in Opencast Mines


Chapter 6


Noise-Induced Hearing Loss(NIHL) Modeling
 using Fuzzy System in Mining Industry


Chapter 7
 Conclusion
 The Thesis


Figure 1.1: Structure of the thesis


• Chapter-2 (Literature Survey and Review)


This chapter makes a comprehensive review of related literatures to provide
 background information on the issues to be considered in the thesis and to empha-
 size the relevance of the present study. This treatise embraces various aspects of
 prediction of opencast mining machineries noise, noise impact assessment and noise
 induced hearing loss in mines. The topics included in this chapter for brief reviews
 are as follows:


⋆ Sources and Types of noise in opencast mines


⋆ Health eﬀect of the noise


⋆ Noise survey in opencast mines


⋆ Survey of noise induced hearing loss in opencast mines


⋆ Noise Impact Assessment


⋆ Noise Prediction Models


⋆ Survey of application of frequency independent (VDI-2714 ) and frequency
dependent (CONCAWE, VDI-2720, ISO-9613-2, NORDFORSK etc.) noise
prediction models
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 of noise and noise induced hearing loss


• Chapter 3 (Noise Prediction in Mining Industry using Mathematical Models)
 This chapter highlights the application of mathematical noise prediction models
 for prediction of opencast mining machineries noise. In this chapter, one frequency
 independent noise prediction model (VDI-2714) and ﬁve frequency dependent noise
 prediction models were discussed. Location and equipment selection were discussed.


Two mines were selected as per the requirement of noise prediction models. The
 ﬁrst one is Balaram opencast coal mine of Mahanadi Coalﬁelds Limited (MCL),
 Talcher (Odisha, India). It was selected for frequency independent models e.x.


VDI-2714. The second one is Panchpatmali Bauxite Mine of National Aluminium
 Company Limited (NALCO), Damanjodi (Koraput, Odisha, India). It was selected
 for frequency dependent models e.g. CONCAWE , ENM , ISO-9613-2 etc.


• Chapter 4 (Introduction to Soft-Computing Techniques)


In this chapter, diﬀerent soft computing techniques were discussed. Soft comput-
 ing techniques viz. Fuzzy Logic Systems (Mamdani and T-S-K) , Adaptive Network
 based Fuzzy Inference System (ANFIS), Artiﬁcial Neural Network (ANN) models,
 Radial Basis Functions (RBF) etc were discussed. Network architectures, system
 models, learning algorithm and the procedure for the development of intelligent
 systems were brieﬂy discussed.


• Chapter 5 (Soft Computing Techniques for Noise Prediction in Opencast Mines)
 This chapter represents the implementation of various soft-computing techniques
 like fuzzy logic system, neural network, radial basis function network etc. for noise
 prediction of opencast mining machineries. Due to the high complexity of the
 classical mathematical models and statistical models (VDI-2714, CONCAWE, ISO-
 9613-2, ENM etc), the need of implementation of Soft-Computing models in noise
 prediction obtained greater relevance. In this chapter, two major applications of
 Soft-Computing models were highlighted. One was for frequency independent noise
 prediction model (VDI-2714) and the other was for the frequency dependent models
 viz. CONCAWE, ISO-9613-2, ENM etc.


• Chapter 6(Noise-Induced-Hearing Loss (NIHL) Modeling using Fuzzy Systems in
 Mining Industry)


This chapter highlights the application of soft computing techniques for pre-
dicting noise induced hearing loss. In this chapter, fuzzy system applications were
discussed. Both Mamdani and Takagi-Sugeno-Kang (T-S-K) fuzzy inference sys-
tems were applied for predicting noise induced hearing loss. All model results were



(29)highlighted brieﬂy in Chapter 6.


• Chapter 7 (Conclusion)


This chapter provides a comprehensive summary of the entire research presented
 in the thesis and clearly outlines the speciﬁc conclusions drawn from the work. This
 is the concluding chapter of the thesis. It presents the major ﬁndings of all the
 studies undertaken and their implications.



1.3 Conclusion


Present chapter highlights the importance of noise problem in opencast mines due to
 increased mechanization. This chapter also develops the new idea of applications of
 soft-computing models for prediction of the noise from the opencast mining machineries.


It also systematically outlines the scope, the motivations behind the research and the
objectives of the thesis. In essence, this chapter provides comprehensive outline of the
thesis.
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LITERATURE SURVEY



2.1 Introduction


Noise is deﬁned as a sound without agreeable musical quality or as an unwanted sound.


It is generated from all the opencast and underground mining operations from almost
 diﬀerent ﬁxed, mobile and impulsive sources; thereby becoming an integral part of min-
 ing environment. Depending on the sources of generation, noise can be classiﬁed into
 following classes:


• continuous wide band noise,


• continuous narrow band noise,


• impact/impulsive noise,


• repetitive impact noise and


• intermittent noise.


Increased mechanization brought in use of large and high capacity equipments.This in-
creased the magnitude of the problem of noise in mines. Prolonged exposure of miners to
high levels of noise can cause auditory and non-auditory health eﬀects. Before initiating
any administrative, engineering and medical measures against the noise hazards, noise
surveys are essential. They help in identifying the noise pollution sources and quantifying
the risk exposure of workers. Eﬀective anti-noise measures can be accordingly formulated
and implemented, thereafter [1].
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2.2 Eﬀects of Noise on Human Health


Exposure to high levels of noise over a long time causes harmful physiological eﬀects.


The detrimental eﬀects of noise depend not only on its SPL and frequency, but also
 on the total duration of exposure and the age, general health and susceptibility of the
 individual. Harmful eﬀects of noise can be broadly classiﬁed into, auditory eﬀects, non-
 auditory eﬀects and threshold shift [12, 13]. Fig. 2.1 represents the noise exposure eﬀects
 on human health.


Figure 2.1: Noise exposure eﬀects on human health [13]



2.3 Basics of Sound


Sound arises when ﬂuctuations in air pressure give rise to pressure waves which travel
through the atmosphere. As they travel they will interact in various ways with their
surroundings. Noise is a word which is normally applied to unwanted sound and the
sound present in most work situations is unwanted, so it was normally talked about
exposure to workplace noise rather than to workplace sound [14, 15]. It also deﬁned that
smallest audible smallest audible at the frequency of greatest sensitivity in young people
with clinically normal ears [16].
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2.3.1 Sound Pressure Level


Sound pressure is the local pressure deviation from the ambient (average, or equilibrium)
 pressure caused by a sound wave. Sound pressure can be measured using a microphone in
 air and a hydrophone in water. The SI unit for sound pressure is the Pascal (symbol: Pa).


Sound pressure is used as the fundamental measure of sound amplitude because sound
 power or sound intensity (energy per unit time and energy per unit area, respectively) are
 not measurable directly by instruments. However, there are mathematical relationships
 that relate energy of sound waves and pressure changes. By most instrumentation, sound
 pressure is measured by providing a reading of root mean square (rms) sound pressure
 level (Lp) as decibels (dB). Absolute pressure is not measured; instead, the reading is
 related to a reference pressure. For sound measurement in air the reference pressure is:


• 0.00002 N/m2,


• 20 pN/m2


• 0.0002 d/cm2


• 0.0002 µbar.


This level was chosen as the normal threshold of hearing for a frequency of 1000 Hz. The
 sound pressure level is


Lp = 20log(P1)


(Pr) (2.1)


or


Lp = 10log(P1)2


(Pr) (2.2)


Where Lp = sound pressure level (SPL) (dB), P1 = sound pressure rms, usually in
 N/m2,Pr = reference sound pressure in N/m2,log = logarithm to base 10. If there are
 more number of noise sources, then the addition of the SPL is deduced as follows:


Lp = 10×log(


10L101 + 10L102 + 10L103 +....)


(2.3)
 similarly, the subtraction of more than two noise sources is calculated as follows:


Lp = 10×log(


10L101 −10L102 −10L103 −....)


(2.4)
 Here, Lp is used to denote the combined sound levels, while the levels due to each source
 on its own are denoted byL1, L2, L3 and so on [17–19].



2.3.2 Sound Power Level


Sound power is the total amount of sound energy emitted per second by a particular
noise source. It is therefore a property of that noise source and will not depend on the
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For example, the noise output of a circular saw will depend on whether it is running
 freely or being used to cut material. The decibel counterpart of sound power is called
 sound power level (abbreviated to LW, SWL or PWL) and is the most useful quantity
 to use when one noise source is compared with another. Use of the term sound power
 level is preferred, since it characterizes the noise emitted by various types of machines
 and equipments that are essentially independent of the environments. Sound power level
 is derived using a reference level.


LW = 10log(W1)


(Wr) (2.5)


whereLw = sound power level (SWL), dBW1 = power of source (watt), Wr = reference
 power 10−l2 (w), log = logarithm to base 10.


Under free ﬁeld conditions, where there are no reﬂections in sound and sound radiates
 equally in all directions, the sound propagation wave follows a spherical distribution. The
 surface area of a sphere, 4πr2, would be used to deﬁne the sphere surrounding a noise
 source. If sound intensity, deﬁned as the energy per unit area, is multiplied by the surface
 area, a relationship between sound power and intensity is established:


W =IA (2.6)


where W = sound power in watt, I= average sound intensity at a distance r from noise
 source, A = spherical area, 4πr2 under free ﬁeld conditions, of an imaginary shell sur-
 rounding a source at distance (r) in meter [15, 20, 21].



2.3.3 Sound Intensity


Sound intensity is the amount of sound power ﬂowing across a particular imaginary
 surface with an area of1m2. It is measured in watts per square metre (W m−2). Its decibel
 counterpart is sound intensity level, and it is measured in some advanced acoustical
 investigations.From equation 2.6, it is clear that the sound intensity will decrease with
 the square of the distance. The factor A is reduced as obstructions are introduced.


Typically, only half of free ﬁeld is approached, A is reduced to 2πr2 for hemispherical
 radiation. (For l/4 spherical radiation A = πr2; for a spherical radiation A = πr2/2.)
 The sound intensity, like sound pressure and sound power, also covers a large range of
 values. Sound intensity is expressed as a dB level described by the following relationship
 [20–22]:


LI = 10logI/Ir (2.7)


where LI = sound intensity level,dB; I = sound intensity at a given distance, Ir =
reference sound intensity,10−12W/m2.
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2.3.4 Relationship between SPL and SWL


For a given set of conditions, sound power and sound intensity can be deﬁned in terms
 of sound pressure, and vice versa.


Sound intensity =I =P2/ρV (2.8)
 where P = rms sound pressure (Pa),ρ= density of air at standard conditions 1.2 kg/m3,
 I = intensity, V = speed of sound in air, 344 m/sec.


Equation 2.8 can be represented in terms of pressure as follows:


Sound pressure=P = (IρV)1/2 (2.9)
 Again Equation 2.8 can be described in terms of intensity.


Sound power=W =IA (2.10)


Using the above equation, the additional relationships exist between sound pressure
 level and sound power level as:


Lw =Lp+ 10logA (2.11)


A is deﬁned as the surface area of an imaginary shell at distance, r, where Lp would be
 the measured sound pressure level for any point on the shell [14, 18, 19, 21].



2.4 Frequency of Sound


Frequency can be deﬁned as the number of compressions and rarefaction per unit time
 (set) qualiﬁed to a given medium, usually air. Units of frequency are hertz, which desig-
 nate the number of cycles per second. Frequency is independent of the speed of sound in
 a given medium. All frequencies travel at the same speed. In air, at standard conditions,
 all frequencies travel at approximately 344 m/sec. The relationship between the speed
 of sound and the frequency is deﬁned by:


V =λf (2.12)


where V = speed of sound (m/sec), λ = wavelength (m), f = frequency (Hz).


Wavelength, is deﬁned as the distance a sound wave travels during one pressure cycle
 (1 compression and 1 rarefaction). The most important frequency for all acoustical
 measurements is 1000 Hz since this frequency is the reference frequency of the Phon scale
 i.e. of equal loudness contours, as also it is the base for all series of preferred frequencies.


To cover the whole audio range, the scale on both sides of the reference frequency is
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 following (Table 2.1) are the preferred frequencies in the octave bands.


Table 2.1: Octave frequency bands


Centre frequency Minimum and maximum frequencies


31.5 Hz 22–45 Hz


63 Hz 45–89 Hz


125 Hz 89–177 Hz


250 Hz 177–354 Hz


500 Hz 354–707 Hz


1 kHz 707–1414 Hz


2 kHz 1414–2828 Hz


4 kHz 2828–5657 Hz


8 kHz 5657–11 313 Hz


In general, in octave band, the center frequency (fc) is related to lower (fl) and upper
 (fu) band frequency as per the following relation.


fc =√


flfu (2.13)


Calculation of the band width, △f of every band, using the following equation:


△f =fc21/N −1


22/N = 0.2316 fc f or 1/3 octave band


= 0.7071 fc f or octave band


(2.14)


For an octave band (1/1), the upper and lower frequencies are related to the center
 frequency by: fl = fc /21/2 and fu =21/2fc


For 1/3-octave bands,


fl = fc / 21/6 and fu = 21/6fc


1/1 and 1/3 octave bands are used in industrial acoustic measurements and may be used
 for more accurate noise control work. Narrower bands such as 1/2 octave are used more
 rarely, particularly to identify prominent tones in a broadband noise [15, 20, 21, 23].



2.5 Equal loudness counter and weighting networks



2.5.1 Equal loudness counter


The ear is less sensitive to low frequencies than to high frequencies. For example, a
20-Hz tone at 70 dB sounds as loud as a 1000 Hz tone at 40 dB. Equal loudness contours
(Figure 2.2) show that as sound levels increase, the ear becomes more uniformly sensitive
to all frequencies. In general, an equal-loudness contour is a measure of sound pressure
(dB SPL), over the frequency spectrum, for which a listener perceives a constant loudness
when presented with pure steady tones. The unit of measurement for loudness levels is the



(36)phon and is arrived at by reference to equal-loudness contours. Equal-loudness contours


Figure 2.2: Fletcher-Munson equal-loudness counter [21].


are often referred to as "Fletcher-Munson"’ curves, after the earliest experimenters, but
 this is now incorrect, the deﬁnitive curves being those deﬁned in ISO:226:2003 [17,20,24].



2.5.2 Weighting networks


Loudness of a sound (that is, the subjective response of the ear) varies with frequency as
well as with sound pressure and that the variation of loudness with frequency also depends
to some extent on the sound pressure. Sound-measuring instruments are designed to make
allowances for this behavior of the ear by the use of electronic “weighting” networks. The
various standards organizations recommend the use of three weighting networks, as well
as a linear (unweighted) network for use in sound level meters. The A-weighting circuit
was originally designed to approximate the response of the human ear at low sound
levels. Similarly, B and C networks were intended to approximate the response of the
ear at levels of 55-85 dB and above 85 dB, respectively. The characteristics of these
networks are shown in Figure 2.3. A fourth network, the D-weighting, has been proposed
speciﬁcally for aircraft noise measurements. However, it has not gained acceptance and
the trend appears to be towards the exclusive use of the A-weighting network. Figure
2.3 shows the correction which must be added to a linear reading to obtain the weighted
reading for a particular frequency. When even a weighting network proves desirable,
in industrial locations, the A-weighting network was taken to measure noise. Table 2.2
represents the A- weighting corrections for diﬀerent frequency bands [17, 19, 21, 25].



(37)Figure 2.3: International standard A,B and C weighting curves for sound level meters [18].


Table 2.2: A-weighting network corrections (dB) [18]


Frequency
 (Hz)


A-weighting
 correction


Frequency
 (Hz)


A-weighting
 correction


Frequency
 (Hz)


A-weighting
 correction


10 −70.4 160 −13.4 2500 1.3


12.5 −63.4 200 −10.9 3150 1.2


16 −56.7 250 −8.6 4000 1.0


20 −50.5 315 −6.6 5000 0.5


25 −44.7 400 −4.8 6300 −0.1


31.5 −39.4 500 −3.2 8000 −1.1


40 −34.6 630 −1.9 10000 −2.5


50 −30.2 800 −0.8 12500 −4.3


63 −26.2 1000 0.0 16000 −6.6


80 −22.5 1250 0.6 20000 −9.3


100 −19.1 1600 1.0


125 −16.1 2000 1.2



(38)
2.6 Mechanism of Hearing


The mechanism of the ear is shown in Fig.2.4. Sound waves from the air around are
 collected by the pinna, travel down the meatus, and are conducted to the cochlea via
 the three auditory ossicles (i.e. the malleus , the incus and the stapes which act as an
 impedance device, matching the sound wave impedance in the air to that in the basilar
 ﬂuid) and the oval window. The vibrations conducted in the basilar ﬂuid cause groups of
 hair cells along the basilar membrane to move; this motion induces piezoelectric action
 and the mechanical energy is converted to an electrical pulse which travels along the
 auditory nerve to the brain [26, 27].


The inner ear is highly susceptible to injury and disease. Damage to the inner ear
 may result in temporary or permanent hearing loss. The auditory nerve attached with
 cochlea is mostly damaged due to noise.


Figure 2.4: Mechanism of human ear, Source [28].



2.6.1 Noise Induced Hearing Loss


Hearing loss can impair the quality of life through a reduction in the ability to com-
municate with each other. Overall it aﬀects the general health of the human beings in



(39)accordance with the World Health Organization’s (WHO) deﬁnition of health [4]. Hear-
 ing level (HL) can be deﬁned as “the decibel diﬀerence between a patient’s thresholds
 of audibility and that for a person having normal hearing at a given frequency” [29].


Mathematically, it is expressed as:


HL= 10 logI/I0 dB (2.15)


where I is the threshold sound intensity for the patient’s ear and I0 is the threshold
 sound intensity for the normal ear.


Hearing loss is mostly of three types:


• Conductive hearing loss


• Sensorineural (SN) hearing loss and


• Mixed hearing loss.


Conductive hearing loss is caused by any disease interfering with the conduction of sound
 from the external ear to the stapedio-vestibular joints. This type of hearing loss typically
 results in a loss of sensitivity to air-conducted sound. Conductive hearing losses are
 usually correctable by medication or surgery. Sensorineural (SN) hearing loss results from
 non-performance of the lesions of the cochlea (sensory type) and its central connections
 (neural type). These hearing losses are typically seen as decreased sensitivity to both air-
 and bone conducted sound. Patients with sensorineural hearing losses may complain of
 diﬃculty under hearing noisy situations and sensitivity to loud sounds. In mixed hearing
 loss, the elements of both conductive and sensorineural deafness are present with in the
 same ear. There is air-bone gap indicating conductive element and impairment of bone
 conduction indicating sensorineural loss.


Hearing loss follows chronic exposure to less intense sound than seen in acoustic trauma
 and is mainly a hazard of noisy occupations [30].


1. Temporary threshold shift (TTS): The hearing is impaired immediately after expo-
 sure to noise but recovers after an interval of a few minutes to a few hours.


2. Permanent threshold shift (PTS): The hearing impairment is permanent and does
 not recover at all.


Hearing handicap is deﬁned as “a binaural average hearing threshold level of greater
than 25dB for a selected set of frequencies”. In this analysis, the set of frequencies in-
cludes (a) 0.5,1 and 2kHz. (b) 1.2, and 3 kHz and (c) 1, 2, 3 and 4 kHz. The 1-4kHz
frequency average was recommended by an American Speech-Language-Hearing Associ-
ation (ASHA) Task Force [31, 32], which focused on the need to include frequencies most



(40)aﬀected by noise exposure. The ASHA Task force recommended that percentage formu-
 lae should include hearing threshold levels for 1, 2, 3 and 4 kHz, with low and high fences
 of 25 and 75 dB, representing 0 percent and 100 percent hearing handicap boundaries,
 respectively.


American Academy of Ophthalmology and Otolaryngology (AAOO) Criteria of Hear-
 ing loss is shown in the Table 2.3. It indicates the eﬀect of speech communication on
 hearing loss at 500, 1000 and 2000Hz [1, 33].


Table 2.3: Classes of hearing ability based on average value of hearing levels at 500,1000
 and 2000Hz. [1]


Class Degree of


Handicap


Avrege hearing
 level, dB


Ability to understand ordinary speech


A Not signiﬁ-


cant


<25 Not signiﬁcant diﬃculty with faint speech


B Slight 25-40 Diﬃculty with faint speech


C Mild 40-55 Frequent diﬃculty with normal speech


D Marked 55-70 Frequent diﬃculty with loud speech


E Severe 70-90 Shouted or ampliﬁed speech only understood.


F Extreme 90 Even ampliﬁed speech not understood


The damage caused by noise trauma depends on several factors:


• Frequency of noise : A frequency of 2000 to 3000 Hz causes more damage than
 lower or higher frequencies;


• Intensity and duration of noise: As the intensity increases, permissible time for
 exposure is reduced.


• Continuous vs. interrupted noise: Continuous noise is more harmful.


• Pre-existing ear disease.


The audiometric notch was deﬁned when the thresholds at 2000 Hz and 8000 Hz were
both minimally at hearing levels 10-dB lower than (better than) the threshold at 4000
Hz. These conﬁrmed that with exposure to broad band, steady noise, or noise with an
impulsive component, the ﬁrst sign was a dip or notch in the audiogram maximal at 4
kHz with recovery at 6 and 8 kHz. The notch broadens with increasing exposure, and
may eventually become indistinguishable from the changes of aging (presbycusis), where
the hearing shows a gradual deterioration at the high frequencies. Although 4 kHz is the
classic frequency aﬀected the notch may be noted elsewhere because the frequency range
of the noise inﬂuences where the cochlear damage occurs. However, intense low frequency
noise may cause maximal loss over the 0.5-2 kHz range and intense high frequency noise
loss at 6 or 8 kHz [26, 27].



(41)The audiogram in NIHL shows a typical notch, at 4kHz both for air and bone con-
 duction. It is usually symmetrical on both sides. At this stage, patient complains of
 high pitched tinnitus and diﬃculty in day to day hearing. As the duration of noise
 exposure increases, the notch deepens and also widens to involve lower and higher fre-
 quencies. Noise-induced hearing loss is preventable. Persons who have to work at places
 where noise is above 85dB(A) should have pre-employment and then annual audiogram
 for early detection. Ear protectors should be used where noise levels exceed 85dB(A)
 [26, 27, 34].



2.7 Noise Measurement


Acoustic instruments have been used for decades to quantify the physical properties of
 sound and classify them on the basis of physical parameters like amplitude and duration.


The instruments are: sound level meter, octave band analyzers, noise dose meter, noise
 average meter, noise survey meter, statistical analyzers, recorders (magnetic tape, cas-
 sette, and pen), acoustic calibrator and sound scope meter. Diﬀerent weighting networks
 viz. A, B, and C have been adopted in sound level meters. However, scales other than
 A are seldom used since they do not provide a good approximation to the human ear
 frequency response. Noise survey meter is the simplest and cheapest instruments used
 in the measurement and analysis of steady noise. Sound scope meter is a combination
 of both sound level meter and octave band analyzer in a small unit. Noise integrator is
 capable of measuring intermittent noise by giving an intermittent or average noise level
 when used in conjunction with a noise survey meter. Noise dose meter is used to inte-
 grate automatically the sound energy received with regard to its intensity and duration.


They are simple, small and assess total noise exposure at work place. The dose may be
 expressed as a proportion of the maximum permitted 8 hr. dose. Noise measuring instru-
 ments of diﬀerent make and speciﬁcations are available in the market, but most widely
 B &K make instruments are used in practice in view of reliability and accuracy [1].



2.7.1 Sound Level Meter


The basic parts of most sound level meters include a microphone, ampliﬁers, weighting
networks, and a display indicating decibels. Schematic diagram of B & K type sound
level meter is shown in Figs 2.5. Figure 2.6 shows the block diagram of sound level me-
ter.The microphone acts to convert the input acoustic signal (acoustic pressure) into an
electrical signal (usually voltage). This signal is magniﬁed as it passes through the elec-
tronic preampliﬁer. The ampliﬁed signal may then be modiﬁed by the weighting network
to obtain the A-, B-, or C-weighted signal. This signal is digitized to drive the display
meter, where the output is indicated in decibels. The display setting may be “fast” re-
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