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APPLICATION OF A STRATIFIED RANDOM SAMPLING
TECHNIQUE TO THE ESTIMATION AND MINIMIZATION
OF RESPIRABLE QUARTZ EXPOSURE TO UNDERGROUND
MINERS

ABSTRACT

The aim of a stratified random sampling plan is to provide the best estimate
(in the absence of full-shift personal gravimetric sampling) of personal
exposure to respirable quartz among underground miners. One also gains
information of the exposure distribution of all the miners at the same time.
Three variables (or strata) are considered in the present scheme: locations,
occupations and times of sampling. Random sampling within each stratum ensures
tliat each location, occupation and time of sampling has equal opportunity of
being selected without bias. Following implementation of the plan and analysis
of collected data, one can determine the individual exposures, the individuals
or groups having the highest exposures, the distribution of exposures and
the mean. This information can then be used to identify those groups whose
exposure contributes significantly to the collective exposure. In turn, this
identification, along with other considerations, allows the mine operator to
carry out a cost-benefit optiminzation and eventual implementation of
engineering controls for these groups. This optimization and engineering control
procedure, together with the random sampling plan, can then be used in an
iterative manner to minimize the maan value of the distribution and collective
exposure.

RE'SUME'

Le but d'un plan d'echantillonnage aliatoire stratifie.est de fournir la
meilleure estimation possible (en l'absence d'un echantillonnage gravimetrique
individuel sur toute la duree du poste de travail) de I1exposition individuelle
aux particules de quartz respirables des travailleurs dans les mines souterraines.
On peut egalement sn tirer des renseignements sur la repartition de 1'exposition
chez tous les mineurs au meme moment. Trois variables (ou strates) sont
envisagees en vertu du plan actuel: 1'emplacement, 1'occupation et le
moment de la prise d'echantillon. L'echantillonnage aleatoire pour chaque
variable garantit un choix^ objectif de chaque emplacement, occupation et moment
de prise d'echantillons. A la suite de 1'application du plan et de 1'analyse des
donnees recueillies, il est possible de determiner le degre d1exposition des
particuliers, les particuliers ou les groupes les plus exposes, la repartition
de 1'exposition et la moyenne. Ces renseignements peuvent etre utilises pour
determiner quells groupes contribuent de facon importante au taux collectif
d'exposition. A son tour, cette determination alliee a d'autres considerations,
permet a 1'exploitant d'une mine de proceder a 1'optimisation das couts et du
rendement, ainsi qu'a l'application eventuelle de controles techniques pour ces
groupes. Ces modalites d1optimisation et de controle technique, auxquelles
s'ajoute le plan d'echantillonnage aleatoire, peuvent etre utilisees de facon
iterative pour minimiser la valeur moyenne de la repartition et 1'exposition
collectives.



INTRODUCTION

Exposure to respirable quartz has long been recognized as an occupational

hazard. The diseases resulting from these exposures are of the pneumoconiosis

type, of which silicosis is one example. These diseases appear in the lung

and, generally, are chronic or slowly developing. In Canada, silicosis was

observed in the early years of underground mining among metal and non-metal

miners, generally where poor ventilation conditions existed or where dust

suppression techniques were absent. As health authorities became aware of the

relation between silicosis and the airborne hazards which may have contributed

to its occurrence, those agencies with authority over mining took, steps to

have the mining companies introduce forced ventilation and dust suppression

techniques to reduce the concentrations of airborne hazards including

respirable quartz.

In underground mines in which quartz is present in the host rock, it is

widely recognized that personal exposures to the respirable fraction of quartz

must be determined and monitored accurately. Not only is this true for

regulatory and compliance purposes, where the health protection of individuals

must be afforded, but also there is the desirability to minimize, by suitable

engineering controls, the collective exposure to all the miners. As used in

this paper, the attributed collective exposure (or the consequent biological

collective dose) means the sum of all the exposures assigned to all the

workers in a group over any given period of time. This principle of

minimization of the collective exposure of the group is applied below the

relevant exposure limit for individuals. It recognizes the possibilities of
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individual susceptibilities to the specific toxic substance and aims at

minimizing the risk of the toxicant to the subgroups having the highest

collective exposure.

It is also well known that personal, full-shift, gravimetric sampling is

the best means of estimating individual exposures to respirable quartz.

However, in the absence of a system of personal full-shift gravimetric

sampling, it may be necessary to base exposure estimation for individuals on a

system of grab sampling (using konimetric methods) combined with time

weighting, that is, a sum of products of the particle number concentrations

and the times spent in these concentrations. It is recognized. that the

particle counts determined by the konimeter must still be related to the mass

of respirable quartz. While it is obvious that this latter system has its

limitations, including that of associating particle number concentrations with

respirable quartz concentrations, the limitations associated with a non-random

sampling scheme can be reduced substantially by using a scheme which is both

random and stratified. Random sampling ensures that each location, occupation

and time of sampling has equal opportunity of being selected without bias. In

this case, stratification means that each variable (or stratum), such as

location, occupation and time, can be ordered or arranged such that each

element (such as specific location, occupation or time interval) can be

selected randomly, in turn, using the techniques of probability theory. The

stratified sampling plan can apply to full period single samples (a personal

sampler distributed to a different miner each day), to full period consecutive

samples (each location sampled in each time interval) or grab samples (a

random selection of samples at various time intervals). The application of a
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grab sample plan is described in this document.

It should be noted in passing that the stratified random sampling

techi

I industrial or mining aerosols•

technique can be used equally for dust, radon daughters or other similar

THEORETICAL

• (a) Establishment of Baseline Information

Baseline information must be obtained for each location (and occupation,

I if needed). This may be done by a series of successive grab samples taken in

a given location, thus establishing a mean and standard deviation for this

location. (To take account of the "normal" variability of concentrations of

_ respirable quartz in underground mining environments, this procedure may have

• to be done several times, perhaps at different times of the day, or on

I different days.) For each such set of measurements, one calculates the

minimum number of measurements required to establish an individual's exposure

I in that location, say with an uncertainty of 50 per cent at the 95 per cent

confidence level (ANSI, 1973). When all such locations have been sampled in

I this way, a sampling time interval can be conveniently assigned to accomodate

M all such locations. If any location has a requirement for sampling not

provided for in the scheme above, the appropriate engineering controls (such

B as ventilation or dust suppression) can be increased so that concentrations

fall to levels reasonably consistent with the other locations in the sampling

• scheme. (If sufficient controls cannot be imposed on any given location, that

I
I
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location must be placed In a subset of locations to be sampled separately.)

At this stage, a "steady-state" condition has been achieved In this set of

locations and the stratified random sampling plan can be Implemented.

If an integrating system is used to determine the initial average

baseline concentration, grab sampling muse still be done to establish the

minimum sampling frequency for a given location or occupation. An example of

the use of gravimetric dust sampling is given in the following. Nine

occupations have been studied in one set of observations in an underground

uranium mine in Canada (Makepeace, 1981a). Each occupation has been given an

identifying number for convenience of reference, for example, scooptram

operator (38), conveyor belt operator (47) and so on. Measurements of

respirable quartz have been made for the nine occupations (Figure 1). In

Figure 1, it is clear that the concentrations of respirable quartz associated

with the conveyor belt operator are much greater than those fcr the other

occupations studied. This information can be used as the baseline information

described above. Therefore that occupation should be considered as part of a

set different from the subset which could be formed by the other eight

occupations.

This information can then be used as input to the baseline described

above.

(b) Description of Stratified Random Sampling Plan

Precise predictions of the concentrations of respirable quartz in dust
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concentrations are dependent on the assumption that mine ventilation will not

be interrupted except for short periods. Unusual occurrences, such as fan

failures, cannot be predicted generally. Stratified random sampling

procedures will ensure that each of these unusual occurrences will have equal

probability of being included in an unbiased location-time sampling scheme.

The example presented below is designed to describe methods of obtaining

simplified random samples of location-occupation-time for underground workers

in a mine. Since these are finite-sampled populations or populations of known

size, the number of items in the population, from which the sample is to be

selected, is always known. Selecting a random sample from a finite population

will ensure that each possible sample and each item in the population has an

equal opportunity of being included in the sample selected. Because of the

large number of mine locations involved and the variation in the operable

duration of each of these locations, time and motion studies, together with

the application of statistical design of stratified random sampling

techniques, will ensure a more efficient use of sampling man-hours.

As an example of the stratification of shift sampling times (Makepeace,

1981), suppose one wishes to select a total of six random samples for an

eight-hour shift period and an individual sampling time of 10 minutes (The

number six is chosen arbitrarily). The total number of sampling intervals, n,

will have a value of n > 6 sampling intervals/h x 8h - 48 consecutive sampling

intervals per eight-hour shift (Table 1). One then requires access to a

random number table such as that given in Table 2 (Natrella, 1963). Entry to
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the table may be based on some subjective choice such as the last two digits

of one's social insurance number, social security number, telephone number, or

otherwise. Two-digit numbers (less than 48) are selected since we are dealing

with A8 sampling intervals. Suppose the last two digits of someone's

telephone number are 16* Entry to the table is made at number 16 and five

additional numbers (reading down the columns) are selected, as shown. The

forty-eight ten-minute consecutive sampling intervals for the eight-hour shift

are arranged into a judgement grab sampling chart (Table 3) in which the six

selected random samples are again indicated. These six random samples now

correspond to specific and sequential ten- minute intervals in the eight-hour

shift (Table 4).

Repeated use of the same portion of any random number table is invalid

and does not satisfy the intent of randomness when selecting a sample.

Instructions for the use of various available tables of random numbers

including repeated access to them have been prepared (Makepeace, 1981).

(c) Confidence Limits

There is an inherent variability in the workplace concentrations of

respirable quartz. A limited number of observations of concentrations may not

be representative of the population mean value nor of the entire range of

possible values. The evidence of many experimental trials as well as rigorous

mathematical proof shows that it is possible to make inferences relating the

mean or average of a small sample (n r̂ 30) to the grand average that would be

obtained if a great many more small samples were obtained. It should be
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realized that a good Bmall sample is better than a poor large sample and that

a quite moderate amount of data submitt 1 to efficient statistical evaluation

often makes a much more convincing case.

I When one calculates the confidence limits for the mean from the data

obtained from a small sample, what one is actually doing is creating a range

| (minimum and maximum) within which the population mean will lie say 99, 95 or

_ 90 per cent of the time. Now this mean is not the mean of the particular

™ small sample but the average of all the means one would obtain if, instead of

• just one sample, one had hundreds of samples obtained In like manner. For

instance, suppose one has obtained thirty values from a particular location.

• The confidence limits one calculates at the 95 per cent confidence level will

give a minimum and a maximum which will contain the average of hundreds of

• such means of observations should one have continued to obtain these averages

M over a period of months provided, of course, one obtained the sets of data

under like circumstances. Now, that is all the confidence limit tells us and

flj one should bear in mind that five means out of one hundred will lie outside

this range at the 95 per cent confidence level. If one calculated the 99.999

• per cent confidence interval, one mean in 100,000 would lie outside the range.

But, this range will be very much broader or wider.

If one adopts a 95 per cent level of confidence, the statement one can make

about the average of the population of individual measurements is as follows.

The probability is approximately 0.95 that the average of the population

of individual measurements is included between the 95 per cent confidence
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limits:

x ± c0.975 7== •

where t is the Student t-value and where to.975 depends on n, the

sample size, and the number of degrees of freedom, d.f .= n-1; s is the sample

standard deviation. (The correct t-value column for the calculation of the 95

per cent confidence level is £0,975)*

The correct statistical interpretation of these 95 per cent confidence

limits is the following.

Suppose many random samples, of size n, are drawn and that the confidence

limits

X +_ tg 975 —a are calculated,

fn

for each sample; then In about 95 per cent of the samples it will be found

that the confidence limits include the average of the population between

them.

The precise form of this statement should be noted very carefully. It is

widely misunderstood and misused. In particular, it should be observed that

the statement does not mean that /hout 95 per cent of the individual

measurements in the population will be included between the limits

yet this is the interpretation often given to it.



- 9 -

The solution to the problem of dealing with the inherent variability in

the workplace concentrations of resplrable quartz is the use of a stratified

random sampling technique followed by the calculation of the confidence limits

for the universe or population mean at, say, the 95 percent probability

level.

(d) Implementation of Sampling Flan

Grab sampling is carried out according to the plan shown in Table 3. The

concentrations of respirable quartz measured in each location are multiplied

by tiva time each worker spends in that location. The sum of all such products

for each individual is the "best estimate" of exposure for that individual

under this particular sampling plan.

From the individual "best estimate" of exposure far each worker, a

histogram may be constructed of the worker population studied. In turn, the

workers' exposures may be grouped by occupation or location to reveal

occupations or locations having the highest exposures associated with them.

Since exposure control is the ultimate aim of the engineering and monitoring

program, the engineering controls (such as improved ventilation and dust

suppression techniques) can be imposed to reduce the concentrations so

measured. Moreover, if several control measures are required, the mine

operator can address these one at a time, in the mos. advantageous

cost-benefit manner. The cost of the monitoring program should be included in

any cope-benefit considerations. Measurement of the exposures following the

imposition of a specific engineering control indicates the effectiveness of
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the control technique. If additional engineering controls are required, they

can be imposed in an iterative manner.

CONCLUSIONS

A method for optimizing the sampling time available has been introduced

using a stratified randov grab sampling plan. This plan gives each sampling

interval, locjition and occupation equal opportunity of being selected in an

unbiased manner. Combined with some method of time accounting, it gives the

"best estimate" of personal exposure estimation based on a grab sampling

scheme.

A histogram of the personal exposures for all workers allows the

collective exposure to be calculated and it serves to reveal other

quantitative features such as the mean value of the distribution of 'exposures

and the number of persons having exposures above any arbitrary value. It also

serves to highlight the subgroups having the highest collective exposures.

Such information on the individual exposures, collective exposures, locations,

amount and cost of ventilation and other control techniques, can then be used

in a cost-benefit optimization for the subgroup having the highest exposures

and associated risks. Should the reduction in collective exposure outweigh

the costs of implementing those engineering controls needed to produce such

reduction, the operators of such mines should carry out the necessary changes.

In this way, the collective exposure for the most highly exposed subgroup is

reduced (as is that of the entire group) and the mean exposure for the group

is reduced as well (In all likelihood). In an iterative manner, the random
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sampling plan is then reintroduced and a new baseline is established, perhaps

with different subgroups. Further identification of new high-exposure

subgroups followed by cost-benefit optimization and further engineering

controls continue the iterative procedure and reduction of collective

exposure.
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TABLE 1
Forty-eight Ten-minute Sampling Intervals

and Their Corresponding Times of Day

Sampling Interval Time of Day

1 8:00 - 8:10 A.M.
2 8:10 - 8:20 A.M.
3 8:20 - 8:30 A.M.
4 8:30 - 8:40 A.M.
5 8:40 - 8:50 A.M.

LUNCH - 12:00 - 12:30 P.M.

46 3:30 - 3:40 P.M.
47 3:40 - 3:50 P.M.
48 3:50 - 4:00 P.M.

TABLE 2
Typical Random Number Table (Two-digit)

03
97

- 16 -
- 12 -

55
16
84
63

- 33 -
57

- 18 -
-. Q —

- 23 -
52
37
70
56
99
16
37

68
74
27
00
29
16
11
35
38
31
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TABLE 3
Judgement Grab Sampling Chart - Ten Minute Periods

c
0
N
s
E
C
U
T
I
V
E

S
H
I
F
T

T
I
M
E

H
0
U
R
S

1
2
3
4
5
6
7
8

M I N U T E S

10

1
7
13
19
25
31
37
43

20

2
8
14
20
26
32
38
44

30

3
- 9 -
15
21
27

- 33 -
39
45

40

4
10

- 16 -
22
28
34
40
46

50

5
11
17

- 23 -
29
35
41
47

60

6
- 12 -
- 18 -
24
30
36
42
48

TABLE 4
Six Randomly Selected Sampling Intervals and

Their Corresponding Sequential Time
Intervals for an Eight-Hour Shift

Sampling Interval

9
12
16
18
23
33

Time

9:20
9:50
10:30
10:50
11:30
1:20

of Intervals

- 9:30 A.M.
- 10:00 A.M.
- 10:40 A.M.
- 11:00 A.M.
- 11:40 A.M.
- 1:30 P.M.
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Figure 1. Personal Dust Sampling Observations (for Respirable
Quartz) in Uranium Mines for Various Occupations.


