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Introduction

The current exposure limits of mineworkers to
physical pollutants, under the Mine Health and
Safety Act3 is 85 dB LAeq,8h, with a peak
sound pressure level of 135 dB(A). However,
the sound pressure level (SPL) of machines is
generally determined according to the methods
and procedures defined in SABS-ISO 3744
under free field conditions as defined in
Appendix 3 of the same standard. While SPL
and sound spectrum data obtained by this
method are extremely useful for sound
engineering purposes and direct comparison
between different machines, the results can be

considered only as an indication of the SPL
level that any machine may produce during
operation in an underground environment. In
particular, the limitations of the free field
method of SPL prediction of an expected SPL
in the underground environment are as
follows:

➤ SPLs are determined under free field
conditions to specifically remove any
reverberation effects and sound
reflection from nearby surfaces

➤ the machines are evaluated in isolation
➤ the machines are operated at the design

operating pressure
➤ the machine performance parameters

such as drilling rate are not recorded;
and

➤ the machines are operated under ideal
conditions.

In order to predict the SPL distribution
resulting from the operation of multiple rock
drills in a stoping environment, the free field
determined sound level spectra must be
modified to account for the effect of
reverberation from the hanging-and footwall
and the attenuation of the sound with distance
from the source. It is necessary to consider the
SPL spectrum because both reverberation and
distance attenuation will be frequency specific.

A combination of the equivalent SPL and
exposure time of an individual enables a
qualitative prediction of the probability of that
individual suffering NIHL to a level that would
qualify for compensation.

Methodology

A simplified generic methodology for the
selection of rock drills based on free field
determined SPLs is shown schematically in
Figure 1. To predict the equivalent noise
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exposure of a particular group of individuals (classified
according to job function within the stope) requires
knowledge of the SPL distribution within the stope and the
location and dwell time of the individual within that distri-
bution. The probability of an individual developing NIHL can
then be determined from the exposure level.

Theory

Determination of A-weighted sound pressure level
Continuous or total A-weighted SPL is calculated by logarith-
mically summing SPLs at individual frequencies, according to
the following relationship:

[1]

where:
Lpj is the frequency band pressure level, in decibels, in

band j, and
Aj is the A-weighting value at the centre frequency of

band j, as given in Table I.

Determination of sound pressure level

From the total A-weighted SPL measured for a machine or
the level at each frequency of interest, the average SPLs, L′p
and L′′p, over the measurement surface are calculated from the
levels measured for drills and background noise (L′pi and L′′pi,
respectively) using Equations [2] and [3]:

[2]

[3]

where:

L′p is the sound pressure level averaged over the
measurement surface, in decibels
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Figure 1—Methodology

Table I

A-weighting attenuation values

Octave-band centre One-third-octave band A-weighting
frequencies centre frequencies values Aj
Hz Hz dB

50 -30.2
63 63 -26.2

80 -22.5
100 -19.1

125 125 -16.1
160 -13.4
200 -10.9

250 250 -8.6
315 -6.6
400 -4.8

500 500 -3.2
630 -1.9
800 -0.8

1000 1000 0
1250 0.6
1600 1.0

2000 2000 1.2
2500 1.3
3150 1.2

4000 4000 1.0
5000 0.5
6300 -0 1

8000 8000 -1.1
10000 -2.5
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with the source under test in operation,

L′′p is the sound pressure level of the background noise
averaged over the measurement surface, in decibels

L′pi is the sound pressure level measured at the ith
microphone position, in decibels

L′′pi is the sound pressure level of the background noise
measured at the ith microphone position, in
decibels and

N is the number of microphone positions.

Correction for background noise

The background noise correction factor K (for total A-
weighted SPL or for individual frequency bands) is calculated
according to the following equation:

[4]

where:

[5]

If ∆L >15 dB, no correction is required.

Environmental correction

The environmental correction factor K2 (for continuous/total
A-weighted SPL or for SPLs at individual frequencies) is
given by:

[6]

where:
L*W is the environmentally uncorrected sound power

level of the reference sound source, determined
using the value 0 for K2, and

LWr is the calibrated sound power level of the reference
sound source (1 pW or 10-12 W), in decibels.

Environmental noise correction factors for surface
measurements under free field conditions are generally
determined to be zero but must be <2 dB for compliance with
SABS-ISO 3744.

It is evident from Figures 2 and 3 that there is a marked
difference between the free field conditions of Figure 2 and
typical stope drilling conditions as shown in Figure 3.

Equivalent exposure

The equivalent exposure of an individual can be determined
from the following relation:

[7]

where:
Lpeq,T is the equivalent sound pressure level of a

continuous steady sound that, within a
measurement time interval T, has the same mean-
square sound pressure as a sound under consid-
eration which varies with time,

Lp(t) is the sound pressure at time t, and
T is the sampling period.

Underground attenuation of noise with distance

In free field conditions the attenuation of SPL with distance
from the source is inversely proportional to the distance from

the source. However, in an underground environment this
attenuation may be expected to be significantly different, as
shown in Figure 4. Furthermore, the attenuation of SPLs with
distance may also be a function of frequency, with lower
frequencies being less attenuated resulting in the spectral
distribution of the SPL at a distance being different from that
at the source and having a different propensity to NIHL.

Mean SPLs at various distances from a typical muffled
rock drill operating with a 600 kPa compressed air supply in
an underground stope are given in Table II and illustrated in
Figure 6, as determined by Franz et al.4.

Linear regression of the data presented in Figure 6 yields
a relationship of the form:

[8]

where:
SPL0 is the sound pressure level (dB or dBA) at the

sound source
SPLx is the sound pressure level (dB or dBA) at distance

x metres from the source
f(x,j) is an attenuation function of x ,the distance from

the source, in metres and j, the frequency band.
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Figure 2—Typical free field conditions

Figure 3—Typical stope drilling conditions



The prediction of underground drilling noise

Sound pressure level distribution

The linear or A-weighted SPL at any given distance from a
noise source operating in a stope can be obtained from the
following relation:

[9]

where:
Lpx is the sound pressure level (dB or dBA) at distance

from the source, and
Lp0 is the sound pressure level (dB or dBA) of the

source.
For multiple sources SPL is given by Equation [10]:

[10]

where:

Lp is the sound pressure level (dB or dBA) at position
p

Lp0i is the sound pressure level (dB or dBA) of the ith
source

xi is the distance in metres from the position p to the
ith source.

Equation [10] permits calculation of SPL for one or more
sources, at any location in a stope.

Individual noise exposure level
By using Equation [7], Leq can be determined for an
individual stope team member from the sum of his/her time-
weighted exposure to various SPLs divided by the sampling
interval, as given in Equation [11]:
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Figure 4—Effect of environment on SPLs and attenuation with distance

Table II

Mean SPL for a typical muffled rock drill operating at 600 kPa in a stope from Franz et al.5

Frequency Distance from drill (m)
(Hz) 0 1 2 3 4 5 7 10

63 83.7 81.8 80.5 79.4 78.3 77.4 77.0 76.7
125 92.4 90.6 89.0 87.5 86.4 84.6 83.2 81.8
250 95.9 94.9 93.2 91.4 90.5 89.3 88.1 86.9
500 100.9 100.5 99.8 98.6 97.7 94.5 90.4 85.8
1 000 106.7 103.5 102.2 100.8 99.8 96.6 91.3 86.1
2 000 106.8 103.0 101.0 99.0 97.0 95.2 91.1 87.0
4 000 108.6 103.3 101.1 99.1 97.2 95.0 91.0 87.0
8 000 104.6 100.5 99.1 97.4 96.2 94.5 88.3 82.1
LAeq 113.3 109.6 108.0 106.3 105.0 102.5 98.2 94.2

Free field

Semi-reverberant

Reverberant



where:
Leq is the equivalent continuous sound pressure level
T is the total exposure time
N is the number of samples
Lpi is the sound pressure level of the ith sample
ti is the duration of the ith sample.

Equivalent exposure level for a stope team member is
determined by the SPL at locations in the stope where the
individual works or travels, and the time spent at each of
these locations. Equation [11] is used to calculate SPL at all
relevant locations, for a single source or multiple noise
sources, whereas the time spent by an individual at various
locations may be determined by random sampling work-
study methods or via a distribution model. Since the distri-
bution of individuals within a stope is strongly site specific
and dependent on both the mining sequence and the
composition of the stope crew, a calculated distribution has
been used. The distribution probability of individuals has
been calculated on the basis of the individual’s job function
and the application of the following assumptions and
conditions:

➤ Rock drill operators (RDOs) will always be within one
metre of a rock drill

➤ Non-rock drill operators (NRDOs) will never be within
one metre of a rock drill and

➤ NRDOs will prefer to be at locations away from a rock
drill.

Conditional statements can represent the first two
assumptions, whereas the third can be represented by an
inverse relationship. Applying these representations yields
the results illustrated in Figures 8 and 9.

Total exposure time

The exposure of an individual as calculated from Equation
[11] is determined by total exposure time, which is the time
taken to drill the required number of face holes in the panel.
Therefore, drilling time is a function of the number of holes
required for blasting and the drilling rate of the rock drills.
The time taken to drill a 1.1 m hole comprises the following
elements:

➤ Collaring time
➤ Drilling time
➤ Restinging time and
➤ Moving time (for over travel and repositioning).

Total exposure time for members of the stope team is
determined by the following relationship:

[12]

where:
TTotal is the total exposure time in hours
Nholes is the total number of holes to be drilled
NDrills is the total number of rockdrills used simulta-

neously
Dr is the drilling rate of the rockdrills used in holes per

hour.

Determining exposure level of individuals

Defining a location Si,j in a stoping panel where i and j are
the lateral and horizontal coordinates, respectively, it follows
that:

[13]

where:
ti,j is the duration of the exposure at location (i,j)
Pi,j is the probability that an individual is located at

(i,j)
TTotal is the total exposure time in hours from 

Equation [12].
From Equation [10], used to determine SPL for a number

of sources, the SPL at locations (i and j) can be calculated as
follows:

[14]

where:
Lpi,j is the sound pressure level (dB or dBA) at location

(i,j) 
Lps0 is the sound pressure level of the sth source
xs is the lateral displacement from the sth source
ys is the horizontal displacement from the sth source
NDrills is the total number of sources.

By substituting Lpi for Lpi,j and ti for ti,j in Equation [11]
the equivalent noise exposure level of an individual can be
determined.

Exposure risk

Using the calculated equivalent noise exposure level of an
individual, the probability of that individual becoming
hearing impaired can de ascertained from Table III extracted
from ISO 1999–1975(E)4. Combining the exposure risk from
Table III with current compensation values enables a
prediction of the potential cost of exposing individuals to the
calculated equivalent exposure level.

Results

Underground environment effects

The SPL spectra of several rock drills were determined under
free field conditions and in an underground stoping
environment at a range of compressed air supply pressures.
The results for a common non-muffled pneumatic rockdrill
are shown in Figure 5 and demonstrate both the increase in
overall SPLs resulting from the environmental effects and the
fact that there is little change in the shape of the SPL
spectrum. A summary of the increase in overall SPL level
resulting from underground environmental effects is shown
in Table IV from which it can be noted that an underground
stoping environment produces an increase in overall SPL of
5–12 dBA, depending on the drill type and the air supply
pressure.

Underground attenuation

Franz et al.5 measured the underground attenuation of SPL
of a pneumatic rockdrill as a function of frequency and
distance form source and produced the results shown in
Figure 6. The data presented in Figure 6, combined with data
obtained by Harper6 was subjected to a multi dimensional
regression analysis to determine the relationship f(x,j)
required for the solution of Equation [10].
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Table III

ISO 1999–1975 (E) Table for the estimation of NIHL risk 

Equivalent continuous Risk, %, or total % with Percentages
sound level db(A) impaired hearing Years of exposure

0 5 10 15 20 25 30 35 40 45

< 80 a)    Risk, % 0 0 0 0 0 0 0 0 0 0
b)   Total % with impaired hearing 1 2 3 5 7 10 14 21 33 50

85 a)    Risk, % 0 1 3 5 6 7 8 9 10 7
b)   Total % with impaired hearing 1 3 6 10 13 17 22 30 43 57

90 a)    Risk, % 0 4 10 14 16 16 18 20 21 15
b)    Total % with impaired hearing 1 6 13 19 23 26 32 41 54 65

95 a)    Risk, % 0 7 17 24 28 29 31 32 29 23
b)   Total % with impaired hearing 1 9 20 29 35 39 45 53 62 73

100 a)    Risk, % 0 12 29 37 42 43 44 44 41 33
b)    Total % with impaired hearing 1 14 32 42 49 53 58 65 74 83

105 a)    Risk, % 0 18 42 53 58 60 62 61 54 41
b)    Total % with impaired hearing 1 20 45 58 65 70 76 82 87 91

110 a)    Risk, % 0 26 55 71 78 78 77 72 62 45
b)    Total % with impaired hearing 1 28 58 76 85 88 91 93 95 95

115 a)    Risk, % 0 36 71 83 87 84 81 75 64 47
b)    Total % with impaired hearing 1 38 74 88 94 94 95 96 97 97

Figure 5—SPL spectra of a standard pneumatic rock drill under free field (surface) and underground stoping conditions at air supply pressures of 350, 450
and 550 kPa

Table IV

SPL results of several rock drills determined under free field conditions and a stoping environment at different air
supply pressures

Rock drill type Air supply pressure Free field SPL Underground SPL Change
(kPa) (dBA) (dBA) (dBA)

Standard pneumatic 350 104 112 8
450 107 116 9
550 109 119 10

Muffled pneumatic (a) 350 96 108 12
450 100 108 8
550 101 110 9

Muffled pneumatic (b) 350 97 102 5
480 101 106 5
550 102 108 6

Laeq         16 Hz          32 Hz       63 Hz        125 Hz       250 Hz      500 Hz     1000 Hz    2000 Hz    4000 Hz    8000 Hz   16000 Hz
(dBA)
calc

Surface 500
Surface 450
Surface 350
Underground 550
Underground 450
Underground 5350
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Drilling rate

To determine the total exposure time of any individual
member of the stope crew from Equation [12] data are
required on the drilling rates of the rock drills under consid-
eration. The drilling rates of various rock drills in a stope
using a range of compressed air supply pressures was
determined by Harper6, as shown in Figure 7.

Individual exposure

The individual equivalent exposure level for a stope team
member is determined by the SPL at locations in the stope
where the individual works or travels, and the time spent at
each of those locations. Equation [11] is used to calculate
SPL at all relevant locations, for a single or multiple noise
sources, whereas the time spent at these locations is
determined from the calculated probability distributions
shown in Figures 8 and 9.

Model development

Using the outline methodology of Figure 1 and Equations [1]
to [14] a spreadsheet-based computer model that analyses
the noise generated by multiple sources in a confined
environment and computes a spatial sound pressure distri-

bution around the sources. Input data includes the sound
pressure spectral distribution, the number of drills running
and their location along the face, the location of the operators
and assistants relative to the drill and face, the attenuation
characteristics of any HPDs that may be worn, as well as the
drilling time anticipated as a result of the drill’s penetration
rate. The output from the program includes a graphic
representation of the sound pressure levels within the area,
the exposure of the drill operator(s) and assistants and the
anticipated compensation payable should the HPDs be
inadequate or not worn.

An example input screen to this model is shown in 
Figure 10 in which the user input areas are coloured green.
The SPL distribution generated from this sample input data is
shown in Figure 11 whereas Figure 12 shows the SPL distri-
bution when three machines are used at a spacing of 
10 metres.

Discussion

The exposure level predicted by the model for a RDO
operating a standard pneumatic rockdrill without HPDs in a
stope environment with two further identical machines
operating either side at a distance of 5 metres is 116.4 dBA
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Figure 6—SPL attenuation in a stope based on data from Franz et al.5

Figure 7—Drilling rate for various rock drills at a range of air supply pressures6
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Figure 8—Probability of location of NRDOs within a stope relative to a noise source

Figure 9—Probability of location of RDOs within a stope relative to a noise source

Figure 10—Example input screen
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which is in reasonable agreement with the 117.5 dBA
measured under actual conditions. However a more
appropriate validation of the model would be a comparison of
the model output with the results from personal samplers
worn by both RDOs and NRDOs.

The model can be used to determine the effect of multiple
machines, drilling rates and hearing protection devices on
potential hearing compensation claims. For example, the
input screen used to compute the effects of running three
standard pneumatic rockdrills at 450 kPa with no hearing
protection is given in Figure 13, with the corresponding
spatial distribution of the sound pressure levels in Figure 14.

Figure 13 shows three drills and operators located at
positions 10 m, 15 m and 20 m along the face, and takes a
production rate of 17.5 holes per drill per hour as the

penetration rate, a figure determined during underground
trials6.

An equivalent operator exposure of 113.6 dB is predicted
by the model (no HPDs being worn), leading to a predicted
compensation cost to the mine of some R1 045 400 per 100
exposed individuals per 25-year period.

Given the same air pressures, drill penetration rates and
noise measurements, but using the attenuation properties of
simple muff hearing protectors, allows the computation
shown in Figure 15. Immediately apparent from Figure 15 is
the fact that the equivalent exposure of the operator has
dropped to 87 dBA and the corresponding compensation cost
has reduced to R41 000 per 100 exposed individuals over 
25 years.
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Figure 11—SPL distribution for the input data from Figure 10

Figure 12—SPL distribution for the input data from Figure 10 but with three identical machines in operation at a spacing of 10 metres
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Figure 13—Input data for three standard pneumatic rock drills at 450 kPa with no hearing protection

Figure 14—SPL distribution for three standard pneumatic rock drills at 450 kPa and a spacing of 5 metres

Figure 15—Input data for three standard pneumatic rock drills at 450 kPa with standard muff-type hearing protection
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Recalculation of the above scenario for the other drills
tested indicates that the use of simple muffs is sufficient to
avoid the risk of NIHL, with the proviso that these are worn
correctly. While data for the standard non-muffled pneumatic
rock drill indicates that there may be some risk of NIHL and
compensation with muffs, the relatively high penetration rate
of these drills allows the development of Figure 16,
displaying the influence of penetration rate (expressed as
total holes per hour of drilling) on the weighted equivalent
noise exposure of the operator.

The solid line of Figure 16 at 85 dB(A) indicates the
accepted noise level for an eight-hour exposure. The upper
curve represents the weighted exposure average experienced
by the operators with three standard non-muffled pneumatic
rockdrills running simultaneously.

Conclusions

A simple spreadsheet-based model has been developed to
provide an indication of the anticipated SPL distribution in an
underground environment from data obtained under free
field conditions. This distribution is used to predict the
probability and cost of NIHL compensation. Applying the
model to various types of rock drills shows that at high
drilling rates the effective use of simple muff type hearing
protection devices is sufficient to eliminate NIHL compen-
sations, provided that is that such devices are used correctly
at all times.

The current model is specific to stoping operations and
would require further calibration for application to other
underground environments such as development ends and
shaft sinking.

While the model has been developed specifically for rock
drills it can be used to evaluate the SPL of other stoping
equipment such as pneumatic chain saws.
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Figure 16—Influence of penetration rate (expressed as total holes per hour of drilling) on the weighted equivalent noise exposure of the operator
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