CHAPTER 3

EXPOSURE MEASUREMENT SAMPLING STRATEGY

Once a determination is made that indicates
‘he possibility of any significant employee ex-
_..ure to airborne concentrations of a toxic
substance, the employer is obligated to make
measyrements of the employee exposure to the
substance. Several considerations are involved
in formulating an employee exposure monitor-
ing program.

—Which employee or employees are to be
sampled?

—Where should the sampling device be
located in relation to the employee sam-
pled?

—How many samples should be taken on
each workday sampled to define an em-
ployee’s exposure?

—How long should the sampling interval
be for a measurement sample?

—What periods during the workday should
the employee’s exposure be sampled?
—How many workdays during a year

should be sampled, and when?

These considerations will be discussed in the
following sections of this chapter.

Keep in mind that the phrase “employee ex-
posure” is always meant to be that that would
occur if the employee were not using a respira-
tar.

3.1 SELECTION OF THE EMPLOYEE OR
EMPLOYEES TO BE SAMPLED

The proposed OSHA health regulations re-
quire that once a positive determination is made
that indicates the possibility of any employee
exposures at or above the action level, then the
employer is required to make an exposure
measurement of the “employee believed to have
the greatest exposure.” The concept is known
as sampling the “maximum risk employee.” It

is used to reasonably reduce the sampling bur-
den on the employer, since the determination
procedure in the previous chapter was intended
only as a means of making an estimate with no
actual measurements.

3.1.1. Selecting the Maximum Risk Employee(s)

Chapter 2 discussed the factors that must be
considered to make a determination of whether
employees may be exposed to toxic materials
at concentrations above the action level.

If the determination is made that exposed em-
ployees may exist, then the next step is the
selection of that employee (“maximum risk em-
ployee™) or group of employees believed to have
the greatest exposure so that their exposure
may be measured. The same considerations
that were used to make the written determina-
tion in the previous chapter must now be
employed to select and categorize workers ac-
cording to expected risk potential.

In making the first determination to assess
potentially exposed employees, a judgment was
made that employees were exposed to poten-
tially toxic materials at or above a certain level.
In the absence of definitive air sampling meas-
urements, the judgment or selection of the
maximum expected exposure risk employee (s)
must be made by comparing the estimated
exposure levels of the various exposed workers.

In an ideal situation, each potentially exposed
worker should be individually sampled and ap-
propriate decisions should be made regarding
nonexposure, exposure, or overexposure. In
most cases, however, we do not have an ideal
situation, and the initial determination is a very
rough one, generally with ne actual air meas-
urements. The most reasonable sampling strat-
egy, for the most efficient ugse of sampling
resources, is to sample the employee presumed
to have the highest exposure risk. If there are
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a number of work operations as a result of
different processes where there may be exposed
employees, then a maximum risk employee
should be selected for each work operation.
This procedure will considerably reduce the
burden on sampling resources since it is not
necessary to initially sample employees who are
expected to have lower exposure than those at
maximum risk.

Again, it is not possible to set down blanket
rules that would apply to every kind of process
or operation for all industries. However, suffi-
cient information can usually be obtained from
the preliminary survey of a plant so that a
competent, well-informed person can make a
valid judgment as to the employees with high-
est exposure,

In general, the best procedure for determining
the maximum risk employee is to observe and
select the employee closest to the source of the
hazardous material being generated. For exam-
ple, in a grinding operation, the worker operat-
ing the grinder would most likely be the em-
ployee at maximum risk from exposure to toxic
particulates. The farther a person is located
from the source of generation {grinder), the
- lower the possibility of a significant exposure,
because the material generated would probably
be diluted by dispersion in the work area. Thus,
in this type of operation, employees may be
thought of as being within various zones of
potential risk, based on estimated air concen-
trations for different distances from the con-
taminant source. Welding in an open room is
another example where distance from the source
could be the dominant factor in determining
potential risk.

Distance from a source of generation of haz-
ardous material is only one factor in determin-
ing risk potential. Employee mobility is another
consideration. For example, consider an em-
ployee work station located adjacent to a dry-
ing oven releasing solvents into the atmosphere.
If this employee is mobile in his various work
tasks, he may not always be at the work station
exactly when high concentrations of contami-
nants are present. Careful observation is re-
quired to get an accurate picture of the worker’s
movement within his work environment so that
valid time-concentration exposures can be esti-
mated.

Air movement patterns within a workroom

should be analyzed to determine accurately the . .
risk potential of employees. Especially in opera- = °

tions or processes involving heating or combus-
tion, the natural air circulation could be such
that the maximum risk employee might be lo-
cated at considerable distance from the source of
generation. The location of ventilation air ex-
hausts and inlets, location of open doors and
windows, and the size and shape of the work
area would all be factors that could affect work-
room air flow patterns and result in higher con-
taminant concentrations further away from the
source.

Differences in work habits of individual work-
ers can significantly affect levels of exposure. |
Even though several workers may be perform-
ing essentially the same jobs with the same

materials, their individual methods of perform-

ing the task could produce varying exposure
levels. For instance, in cleaning operations,

metal parts in a basket are dipped into a large -

tank of solvent. When the basket is lifted from

the tank, the correct procedure is to let the .

excess solvent drain from the parts back into .
the tank. If an employee does not take the
time to let the solvent drain back into the tank,

the solvent may splash onto the floor where it
This will

evaporates into the workroom air.
increase the exposure levels over those where
the worker properly lets the solvent drain back
into the tank. o
3.1.2. Random Sampling of a Homogeneous Risk
Group of Workers

If a maximum risk worker cannot be selected
for an operation with reasonable certainty, then -
it is necessary to resort to random sampling of -
the group of workers. The procedure is to ran-
domly sample the group whose members have a -
similar expected exposure risk. The objective of
the procedure is to select a subgroup of adequate
size so that there is a high probability that the

random sample will contain at least one worker. .

with high exposure if one exists. (Note that
this partial sampling procedure is not to be

used once any employee exposure measurement

reveals an employee exposure at or above the
action level for reasons given in Technical Ap-
pendix B.) The following procedure should be
used: '

Step 1: Determine the number of employees
to sample using Table 3.1.
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Step 2: Randomly select the required num-
ber of employees using the random
numbers given in Table 3.2, and
measure their exposures.

Step 1: Determination of the Number
of Employees to Sample
Table 3.1 gives the required sample size n
of a random sample drawn from a group of size

N (N =1 to 50) which ensures with 90% con-

fidence that at least one individual from the
highest 10% exposure group is contained in the
sample. Conversely, there is a 10% probability
of missing all workers from the 10% highest
exposure subgroup after sampling the required
subgroup as specified in Table 3.1, which is
taken from Table A.1 of Technical Appendix A.

TABLE 3.1. SIZE OF PARTIAL SAMPLE FOR
TOP 10% AND CONFIDENCE 0.90

Size of Number of required
group N* samplest
8 7
9 8
10 9
11-12 10
13-14 11
15-17 12
18-20 13
21-24 14
25-29 15
30-37 16
38-49 17
50 18

*N =original equal risk group size.
tn=sample size or subgroup size.
In=Nif N<T.

For example, suppose an equal expected expo-
sure risk group of size N — 26 is considered.
To be 90% confident that at least one of the
three (ie., 10% of 26) individuals with the high-
est of all exposures is included in a partial sam-
ple, see Table 3.1 for the required size of the
partial subgroup, which is seen to be n =15.
That is, 15 workers should be randomly chosen
from the total of 26. Thus, it is necessary to
sample almost 60% of the group to ensure with
90% probability that at least one worker with
an exposure in the highest 10% of all exposures
in the group has been included.
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Step 2: Random Sampling of Workers

After having selected the appropriate number
of workers to sample, it is necessary to actually
select the workers at random and measure their
exposures. This section will describe how a
random sampling procedure can be imple-
mented with the use of a table of random
numbers,

Table 3.2 contains the random numbers re-
quired for partial sampling. This table is used
as follows:

1. Assign each individual in the risk group
a number from 1 to N, where N is the
number of people in the group.

2. Go to Table 3.2 and arbitrarily (ideally
randomly) choose a starling position in
the table. Read down, ignoring numbers
greater than N as well as the number
zero, and select the numbers less than or
equal to N. Continue selecting numbers
in this way until a partial sample of n
numbers has been chosen. If necessary
proceed to the next column, and, if at
the bottom of column 25, proceed to the
top of column 1.

For example, to select 15 individuals from 26
at random, the procedure of this section yields:

1. First number individuals in group from
1 to 26,

2. Arbitrarily choose the first number in
column 10 of Table 3.2 as a starting posi-
tion and read down, selecting the follow-
ing numbers: 11, 20, 8, 1, 14, 13, 25, 23,
7, 22, 18, 19, 9, 10, 3.

3. Individuals who have been assigned
these numbers will now be monitored for
their exposure to contaminants,

If it is desired to use a confidence level other
than 90% or to choose a percentage other than
10%, refer to Technical Appendix A, Calculation
of Sample Size for a Maximum Risk Subgroup
from a Homogeneous High Risk Group.

3.1.3. Selection of Employees fo iodi
Monitoring Prugl:a my r Periodic Exposure

The proposed OSHA Health Regulations re-
quire that, if any of the exposure measurements
taken on the maximum risk employee {or sub-
group) shows exposures to toxic substance at
or above the action level, the employer shall:
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1. identify all employees who may be ex-

posed at or above the action level, and

2. measure the exposure of the employees
so identified.

The intent of this provision is to require ex-

posure measurements only for those employees
with significant exposures. The employer must
define the population at risk and then measure
the exposure of each of those employees. It is
important to realize that the intent of the pro-
vision cannot be met by sampling a subgroup
of workers and assigning the average exposure
obtained to all workers except under unusual
circumstances. This is because of the consider-
able wvariation in employee exposures, even
between employees supposedly doing the same
job. Further explanation of this is given in
Technical Appendix B, Exposure Variation in
Occupational Groups of Similar Expected Ex-
posure Risk.

Whether a maximum risk individual may be
identified or the equal-risk-group partial sam-
pling procedure is used, the object remains the
same — to determine if the measured exposure
of any employee is above the action level, If
the exposure of the most exposed employee,
regardless of how he is identified, is below the
action level, then it is reasonable to assume
that measurements of exposure of the other
employees in that operation would be below the
action level. No further action is necessary
until some change in the operation or control
measures occurs. If the maximum risk measure-
ment is above the action level, then it is neces-
sary to proceed further to identify other em-
ployees whose exposures may be above the
action level.

3.2 PERSONAL, BREATHING 2ONE, AND
GENERAL AIR SAMPLES

The proposed OSHA health regulations re-
quire that an employee’s exposure be measured
by any combination of long-term or short-term
samples that represents the employee’s actual
exposure. Air samples should be taken in the
employee’s breathing zone (air that would most
nearly represent that inhaled by the employee).
There are three basic types of occupational en-
vironmental sample collection techniques:

1. Personal — The sampling device is di-
rectly attached to the employee and
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worn continuously during all work and
rest operations.

2. Breathing Zone — The sampling device
is held by a second individual who at-
tempts to sample the air in the “breath-
ing zone” of the employee.

3. General Air — The sampler is placed in

a fixed location in the work area (also
referred to as “area sampling”).

The intent of the regulations is that samples
taken for the purpose of measuring employee
exposure normally be taken only by the “per-
sonal” or “breathing zone” methods. If samples
taken by the “general air” method are to be
used to determine employee exposure, then it
is necessary to demonstrate that they accurately
measure employee exposures. Generally this
would invelve a comprehensive job time and
motion study for each employee repeated at
least every 3 months. Then a comparison must
be made with personal or breathing zone sam-
ples to show equivalency. Normally, this is
very difficult to do. Refer to Technical Ap-
pendix C, The Inadequacy of General Air
{Area) Monitoring for Measuring Employee Ex-
posures, for further discussion of this subject.

3.3 EXPOSURE MEASUREMENT STRATEGIES

The decision procedures in the next chapter
regarding compliance and noncompliance based
on exposure measurements will differ depend-
ing on how the samples were obtained in rela-
tion to the period of the standard, duration of
the samples, and number of samples. The fol-
lowing terminology is used to describe these
various measurement types. See Figure 3.1 for
a graphic depiction of the measurement types.
The word “period” refers to the period of the
standard. For an 8-hour TWA standard, the
period is 8 hours, and for a ceiling standard,
it is generally 15 minutes. An exposure “meas-
urement” consists of one or more samples (per-
sonal or breathing zone) taken during the meas-

urement period,

3.4.1. Ful! Period Single Sample Measurement

The sample is taken for the full period of the
standard. This would be 8 hours for an 8-hour
TWA standard and 15 minutes for a ceiling
standard.



TYPE OF SAMPLE

A DATA ANALYSIS PROCEDURE

TO BE USED

— A -»| FULL PERIOD
SINGLE SAMPLE

" A e B —>
FULL PERIOD
— A He——B—> ?CONSECUTIVE SAMPLES
6—— A —>}e B >le C >
——A e 8 —

PARTIAL PERIOD
e——-A >| e B —>| CONSECUTIVE SAMPLES

A R A
{ RANDOM)
GRAB SAMPLES
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o 1 2 3 4 5 6 1 8

HOURS AFTER START OF WORKSHIFT

Figure 3.1. Reference chart of types of exposure measurements that could be taken for an 8-hour

average exposure standard.
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Example:

A personal sampling pump with a respirable
dust sampling head is attached to an em-
ployee at the start of his shift at 8:00 am,,
turned off from 11:30 am. to 12:00 noon
(lunch) and turned on again from 12:00
noon to 4: 30 p.m. The sample collected con-
stitutes a full period sample for the deter-
mination of respirable dust exposure be-
cause it covers the entire time period
appropriate to the standard (8 hours).

3.3.2, Full Period Consecutive Samples Measurement

Several samples {equal or unequal time dura-
tion) are obtained during the entire period
appropriate to the standard. The total time cov-
ered by the samples must be 8 hours for an
8-hour TWA standard and 15 minutes for a ceil-
ing standard.

Example:

Personal samples are collected on an as-
bestos worker as follows:

Sample
No. Time
1 7:00 am. (start of shift) to 8:00 a.m.
2 8:00 am. t09:30 am.
3 9:30 am. to 11: 00 a.m.
4 11:00 am. to 1:00 p.m, {turned off

and covered for 30 minutes during
lunch)

5 1:00 p.m. to 3:30 p.m.

The measurement obtained is a full period
consecutive sample measurement because it
covers the entire time period appropriate to
the standard (8 hours) and the samples are
taken consecutively (or serially).

3.3.3. Partial Period Consecutive Samples Measurement

One or several samples (equal or unequal
time duration) are obtained for only a portion
of the period appropriate to the standard. For
an 8-hour TWA standard this would mean that
the sample or samples cover about 4 to less
than 8 hours. Several samples totaling less
than 4 hours (as eight 30-minute samples)
would probably be best described as grab
(short-term) samples for the purposes of an-
alysis given in the next chapter.
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Example:

Collection of a personal sample for lead
exposure was started at 9:00 am. and con-
tinued until the end of the shift at 3:30 p.m.
The 8-hour shift began at 7:00 am. with a
half-hour lunch break from 11:30 am, till
12 noon. The measurement obtained is a
partial period sample measurement since
it covers only part (6 hours) of the period
appropriate to the standard (8 hours).

3.3.4. Grab Samples Measurement

In some cases it is impossible, because of
limitations in measurement methods as with
direct reading meters or colorimetric detector
tubes, to collect either a single sample or a
series of consecutive samples whose total dura-
tion approximates the period for which the
standard is defined. In this case, grab samples
are taken over some number of short periods
of time (less than 1 hour each; generally only
minutes or seconds). Grab samples are taken at
random intervals over the period of time for
which the standard is defined.

Example:

It is necessary to obtain an exposure meas-
urement for phosgene using detector tubes.
Each detector tube sample takes 5 minutes
to collect. It is intended to collect 10 sam-
ples out of the possible ninety-six 5-minute
periods in the 8-hour period. These ten 5-
minute duration samples constitute 10 grab
samples of the worker’s exposure on the
given day. The estimate of the 8-hour TWA
exposure cbtained from averaging the read-
ings of the 10 tubes would be a grab sample
measurement,

3.4 EXPOSURE MEASUREMENTS FOR AN
8-HOUR TWA STANDARD

This section will discuss the factors that affect
the choice of an exposure measurement strategy
for a particular day’s measurement. There is
no such thing as one “best” strategy for all
situations. However, some strategies are clearly
better than others. Guidelines will be given for
comparing alternative strategies. The follow-
ing are broad considerations:

—Avazilability and cost of sampling equip-
ment (pumps, filter, detector tubes, direct
reading meters, etc.)



—Availability and cost of sample analytical
facilities (for filters, charcoal tubes, etc.)

—Availability and cost of personnel to take
samples

—Location of employees and work opera-
tions

—Occupational exposure variation (intra-
day and interday)

—Precision and accuracy of sampling and
analytical methods

—Number of samples needed to attain the
required accuracy of the exposure meas-~
urement.

The subject of intraday and interday occu-
pational exposure variation has been discussed
by Ayer and Burg (3-2) and Leidel et al. (3-3).
The exposure variation of specific operations is
practically impossible {o predict. The only gen-
eralization that can be made is that intraday
and interday wvariation, as measured by the
geometric standard deviation (GSD), typically
lie between 1.25 and 2.5, as shown by data in
(3-2) and (3-3).

Precision and accuracy of sampling and
analytical methods are discussed in Technical
Appendix D, Coefficients of Variation and Ac-
curacy Requirements for Industrial Hygiene
Sampling and Analytical Methods. Again to
generalize, most NIOSH sampling and analytical
procedures have total coefficients of variation
of 0.05 to 0.10 (5% to 109%). Also refer to Tech-
nical Appendix E, General Effect of Sample
Size on Requirements for Demonstration of
Compliance and Noncompliance.

After considering both exposure variation
and the precision/accuracy of sampling/analyti-
cal methods, the following general guidelines
can be given:

1. The Full Period Consecutive Samples
Measurement is “best” in that it yields
the narrowest confidence limits on the
exposure estimate. There are statistical
benefits to be gained from larger sample
sizes (as eight 1-hour samples instead
of four 2-hour samples), but with the
disproportionately large additional cosis
incurred (especially analytical), the
benefits are usually negligible. That is,
the gains from additional (shorter)
samples on the same work shift in “deci-
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sion making power” are small compared
with the significantly greater costs.

Refer to Figures E-1 and E-3 of Technical
Appendix E for the effect of increased
sample size. Considering presently avail-
able sampling/analytical techniques, we
can state that two consecutive full period
samples (about 4 hours each for an
8-hour TWA standard) usually provide
sufficient precision and are recommended
as the “best” measurement to make.

. The Full Period Single Sample Measure-

ment (one 8-hour sample) is next to
best if an appropriate sampling/analyti-
cal method is available. In this case, one
8-hour sample is essentially as good (all
factors considered) as two 4-hour sam-
ples.

. The Partial Period Consecutive Samples

Measurement is the next choice. The ma-
jor problem with this type of measure-
ment is how to handle the unsampled
portion of the period. Strictly speaking,
the measurement results are valid only
for the duration of the period that the
measurements cover (as 6 out of 8
hours). However, professional judg-
ment may allow inferences to be made
concerning exposure concentrations dur-
ing the unsampled portion of the period.
Reliable knowledge concerning the oper-
ation is required to make this judgment.
The sampled portion of the period should
cover at least 70% to 80% of the full
period. -

For exposure measurements made by the
employer or his representative, it is
probably sufficient to assign the expo-
sure average for the partial period to the
whole period. It is assumed that the
unsampled period had the same exposure
average as the sampled portion. How-
ever, the statistical decision tests in the
next chapter are not fully wvalid in
this situation. One can put confidence
limits on a 6-hour exposure average, but
it would not be proper to compare them
with an 8-hour TWA standard since the
work habits of the employee and the
work operation must be identical during
the sampled and unsampled portions of



the work shift. This type of measure-
ment should be avoided if possible.

For exposure measurements made by a
governmental compliance officer, it is
best to assume zero exposure for the
unsampled period. Figure E-5 of Techni-
cal Appendix E shows the low “power”
of the Partial Period Consecutive Sam-
ples Procedure. The effect of sam-
ple size and total time covered by all
samples on requirements for demonstra-
ting noncompliance is shown by the fam-
ily of four curves. The bottom curve
(8-hour total sample time) is the same
curve as the CV = 0.10 curve of Figure
E-3. The taking of partial period consec-
utive samples is a compromise between
the preferred full period sample(s) and
the least desirable grab samples. If a
GSD of 25 is assumed on Figure E-4
{Technical Appendix E), a curve of
about 5% hours on Figure E-5 would
have approximately the same X/STD
ratios. Therefore, if it is not possible to
sample for at least T0% of the time
period appropriate to the standard (5%
hours for an 8-hour standard), it is better
to go to a grab sampling strategy. Leidel
and Busch (3-4) should be referred to
for analysis of these types of data when
zero exposure is assumed for the un-
sampled period.

. A Grab Sample Measurement is the least
desirable way of estimating an 8-hour
TWA exposure. This is because the
confidence limits on the exposure esti-
mate are very wide and one has to have
- a low exposure average to statistically
demonstrate compliance by the methods
of the next chapter. Refer to Technical
Appendix E, General Effect of Sample
Size on Requirements for Demonstration
of Compliance and Noncompliance, Fig-
ure E-2. Figure E-2 shows that the opti-
mum number of grab samples to take for
an exposure measurement is between 8
and 11. This only applies, however, to
the 8-hour TWA exposure if the em-
ployee’s operation and work exposure
are relatively constant during the day.
If the worker is at several work locations
or operations during the 8-hour shift,
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then at least 8 to 11 grab samples should
be taken during each period of expected
differing exposure that significantly
contributes to the 8-hour TWA expo-
sure. If one is limited to taking fewer
than 8 to 11 samples at each location (or
cperation}, then choose the number of
samples at each location in rough pro-
portion to the time spent at each loca-
tion. That is, take more samples in
areas where more time is spent.

If grab samples are taken, their dura-
tion is important only in that enough
samples must be collected for the analyt-
ical method. That is, any increase in
sampling duration past the minimum
time required to collect an adequate
amount of material is unnecessary and
unproductive. A 40-minute grab sam-
ple is little better than a 10-minute one.
This is discussed by Leidel and Busch
3-4).

'gi‘he last question to be answered con-
cerns when to take the grab samples
during the period of exposure. The
accuracy of the probability level for the
test depends upon implied assumptions
of the lognormality and independence
of the sample results that are averaged.
These assumptions are not highly re-
strictive if precautions are taken to avoid
bias when selecting the sampling times
over the period for which the standard
is defined. To this end, it is desirable
to choose the sampling periods in a
statistically random fashion.

For a standard defined as a time-
weighted average concentration over a
period longer than the sampling interval,
an unbiased estimate of the true average
can be ensured by taking samples at
rahdom intervals. It is valid to sample
at equal intervals if the series is known
to be stationary with contaminant levels
varying randomly about a constant mean
and fluctuations of short duration rela-
tive to length of the sampling interval.
If means and their confidence limits
were to be calculated from samples
taken at equally spaced intervals, how-
ever, biased results could ocecur if ¢ycles
in the operation were in phase with the



sampling periods. Results from random
sampling are unbiased even when cycles
and trends occur during the period of
the standard.

The word random refers to the manner
of selecting the sample. Any particular
sample could be the outcome of a ran-
dom sampling procedure. A practical

way of defining random sampling is that

any portion of the work shift has the
same chance of being sampled as any
other.

Technical Appendix F, Selection of Ran-
dom Sampling Periods During an §-Hour
Workshift, gives the formal statistical
method of choosing the random sampling
periods.

3.5 EXPOSURE MEASUREMENTS FOR A
CEILING STANDARD.

Samples taken for determination of compli-
ance with ceiling standards are treated in a
manner similar to those taken for comparison
with TWA standards. Two important differ-
ences should be noted.

The first is the samples taken for comparison
with ceiling standards are best taken in a
nonrandom fashion. That is, all available knowl-
edge relating to the area, individual, and process
being sampled should be utilized to obtain
samples during periods of maximum expected
concentrations of the substance. -

The second point is that samples taken for
comparison with ceiling standards are normally
taken for a much shorter time period than those
taken for calculating TWA’s. There are four
different ways in which the time period for a
ceiling standard may be defined (29 CFR 1910.
1000) .

1. 29 CFR 1910.1000 (a) (1) for Table Z-1:
No time period. “An employee’s expo-
sure . . . shall at no time exceed the ceil-
ing value ., ..”

2. 29 CFR 1910.1000 (b) (2) for Table Z-2:
No time period, but peak above the
“ceiling” allowed. “An employee’s expo-
sure . . . shall not exceed at any time
during an 8-hour shift the acceptable
ceiling concentration limit . . . except
for ... a maximum peak value.”

3. 29 CFR 1910.1000 (b) (2) for Table Z-2:
Short time period (5 to 30 minutes) de-
fined as “maximum duration” for “maxi-
mum peak.” The ceiling standard di-
rectly above may be exceeded for short
periods up to a concentration defined as
“acceptable maximum peak above the
acceptable ceiling concentration for an
8-hour shift.”

4. Under the current joint NIOSH/OSHA
Standards Completion Program, all ceil-
ing standard substances in Table Z-1 of
29 CFR 1910.1000 will have the standard
defined for 15-minute periods as: “.
concentrations not in excess of . . . aver-
aged over any 15-minute period during
an 8-hour work shift.”

Measurements taken for the purpose of deter-
mining employee exposure to ceiling standard
substances should be taken during periods of
maximum expected airborne concentrations of
the substance. Each measurement should con-
sist of a 15-minute sample (or series of consecu-
tive samples totaling 15 minutes) taken in the
employee’s breathing zone. A minimum of three
measurements should be taken on one work
shift, and the highest of all measurements taken
is a good estimate of the employee’s upper ex-
posure for that shift.

Taking at least three measurements on a shift
makes it easier to spot gross errors or mistakes.
In most cases, however, only the highest value
would be statistically tested for compliance by
the Full Period Single Sample Measurement
Procedure in Chapter 4 (section 4.2.1). If the
samples are taken for comparison to the “maxi-
mum peak” ceiling standard (29 CFR 1910.1000,
Table Z-2), the sampling period should equal
the “maximum duration” period for that par-
ticular standard. Thus, in the case of detector
tubes, it might be necessary to take several
consecutive samples and average the results.
Then the Full Period Consecutive Samples
Measurement Procedure (section 4.2.2) would-
be used to analyze the results. The classification
of exposures for a ceiling standard is discussed
in section 4.3 of Chapter 4.

Even though samples taken for comparison
with ceiling standards are best taken in a non-
random fashicon, there may be situations where
the process appears constant during the work
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shift. In this case, the number of time periods
that should be sampled can be estimated so
that representation (one or more) is assured
from the desired exposures (top 15% or top
109%) by the techniques of section 3.1.2 and
Technical Appendix A.

For instance, with a ceiling standard defined
for a 15-minute period, there are 32 discrete
nonoverlapping periods in an 8-hour work shift.
Thus, with N — 32 and with the use of Technical
Appendix A, the following appropriate sample
sizes are determined:

15-Minute period
At feast :
one period fram:  Confidence level Sample at least:
Top 20% 0.90 9 periods
Top 20% 0.95 11 periods
Top 10% 0.90 16 periods
Top 10% 0.95 19 periods

Where the ceiling standard is defined for a
10-minute period, there would be 48 periods and
the following sample sizes are appropriate:

10-Minute period
At least
one period from: Confidence level Sample at least:
Top 20% 0.9 9 periods
Top 20% 0.95 12 periods
Top 10% 0.90 17 periods
Top 10% 0.95 21 periods

Very short time samples may sometimes be
taken, as with a 3-minute detector tube or spot
readings with a direct-reading meter. Then the
appropriate number of samples to take is given
by equation 5 of Technical Appendix A, and the
results are:

Less than a 5-minute period

At least
ane period from: Confidence level Sample at least:
Top 20% 0.90 10 periods
Top 20% 0.95 13 periods
Top 10% 0.90 22 periods
Top 10% 0.95 28 periods

Once the appropriate number of periods is
chosen, the particular time periods to be sampled
should be selected. This is done by the tech-
niques of the Grab Sampling strategy in section
344 and Technical Appendix F. Another use-
ful technique would be to plot the sample
results on lognormal probability paper as given
in Technical Appendix I. This will give a fair
idea of the actual exposure distribution by per-
centages of time during the work shift.

3.6 RECORDING EXPOSURE MEASUREMENT
SAMPLE RESULTS

Under the proposed OSHA health regulations,
the employer is required to keep an accurate
record of all measurements taken to determine
employee exposure to a particular regulated
substance. This record shall include, as a mini-
mum:

—The date of the measurement;

—Operations involving exposure to the
substance being monitored;

—Sampling and analytical methods used
and evidence of their accuracy, including
the method, results, and date of calibra-
tion of sampling equipment;

—Number, duration, and results of samples
taken; and

—Name, social security number, and expo-
sure of the employee monitored.

The record must be maintained until replaced
by a more recent record, but in no event kept
for less than 1 year. Some substances require
longer than 1 year minimum retention periods.

The Employee Exposure Measurement Record
(Figure 3.2) contains the type of information
that should be recorded for each measurement,
The average exposure calculations for the em-
ployee can be done on the back of the form
for ready reference.

If the sampling device flowmeter (such as a
pump rotameters or critical orifice) calibration
location and sample location differ by more than
several thousand feet in altitude, or more than
25 to 30 Fahrenheit degrees in temperature, then
Howmeter correction factors should be used.
This procedure is given in Technical Appendix
G, Temperature and Pressure Corrections of
Industrial Hygiene Sample Volumes and Calcu-
lation of Concentrations {ppm). The flowmeter
correction procedure is not required for sam-
pling devices with positive displacement pumps.
Technical Appendix G also gives the procedure
and a nomogram for converting mass concen-
trations (as milligrams per cubic meter) to
part per million concentrations for comparison
with the Federal standards. This latter pro-
cedure is required regardless of the sampler
used.

The requirement for “evidence of accuracy
of the sampling and analytical methods might

b} ]
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Facility

EMPLOYEE EXPOSURE MEASUREMENT RECORD

Sampled by

Temperature .

Sample #..._....... Employee name ..o aen
Operation{s) monitored
Type Of sample:  Personal .......ooooeoeooveesioeoseeseeeonens Breathing Zone ............

Operating conditions and control methods .. e

Elapsed time {min) ___...

Calibration location

Sampling/analytical method

Evidence of accuracy

Figure 3.2. Employee Exposure Measurement Record.
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cause some concern. However, this need not be
interpreted as requiring the employer to run
his own accuracy tests of a laboratory’s analyti-
cal method or tests of certified equipment. The
following are examples of ways to meet this
requirement:

1. Establish field calibration procedures
for sampling equipment.

2. Have samples analyzed at a laboratory
participating in an industrial hygiene
quality control program such as the one
conducted by AITHA.

3. Use NIOSH certified detector tubes
(certified under 42 CFR Part 84), if
available,

4. Refer to manufacturer’s literature state-
ments of accuracy.

5. Refer to analytical laboratories’ state-
ments that their analyses will meet the
accuracy requirements of the regula-
tions.

Refer to Technical Appendix D, Coeflicients
of Variation and Accuracy Requirements for
Industrial Hygiene Sampling and Analytical

Methods.
Remember that if any exposure measurement

strategy other than the Full Period Single Sam-
" ple Measurement is used, then the exposure
average must be calculated by the TWA method.
Refer to Technical Appendix H, Time-Weighted
Average (TWA) Exposure Calculation for this
procedure.

Finally, it can be very informative to graph-
ically plot grab samples exposure measurement
data (or exposure averages for employees in
an occupational exposure group). The proce-
dures with examples is given in Technical Ap-
pendix I, Lognormal Probability Plots of Ex-
posure Measurement Data and Exposure Aver-
ages. Plotting exposure measurement results

(or employee exposure averages) on lognormal

probability paper provides a convenient repre-
sentation of data percentiles (or exposure per-
centiles). The fitted lognormal distribution can
be shown as a straight line on the same graph
of Exposure Measurement Data and Exposure
Averages.

Another way of presenting and analyzing an
employee’s daily exposures is to plot the aver-
ages versus time as on an industrial quality con-

trol chart. Leidel et al. (3-3) have discussed the
similarities between employee exposure moni-
toring programs and quality control programs.
For those interested in applying quality control
chart techniques to exposure monitoring pro-
grams, the work of Morrison (3-5) is useful;
work in this area is to be encouraged.

3.7 INTERVAL BETWEEN DAYS MONITORED

The proposed OSHA health regulations de-
veloped under the Standards Completion Pro-
gram require the following:

1. The exposure of an employee whose ex-
posure measurement is at or above the
action level, but not above the permis-
sible exposure, must be measured at
least every 2 months.

2. For an employee whose exposure meas-
urement exceeds the permissible expo-
sure, the employer shall measure that
employee’s exposure at least every
month until the exposure is reduced to
below the standard by appropriate con-
trol measures.

The above are the proposed minimum legal
requirements. Moxe frequent measurements
should be made based on professional judgment
of the exposure situation.

3.8 TERMINATION OF EXPOSURE
MONITORING

The proposed OSHA health regulations allow
exposure monitoring on a particular employee
to be terminated if two consecutive exposure
measurements taken at least 1 week apart reveal
that each of the employee’s exposure measure-
ments is less than the action level. That is,
both measurements must bé less than the action
level.

3.9 SAMPLING STRATEGY FOR EMPLOYEES
INFREQUENTLY WORKING WITH
HAZARDOUS SUBSTANCES

Chapter 2 and the preceding sections of this
chapter were developed with the knowledge
that, where chemicals are used in industrial
processes and released into the workplace air,
most potential exposure situations for employees
will be routine ones, such as daily. But there
are types of industrial jobs where employees
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infrequently (nondaily, e.g., once per month)
work with toxic chemicals. Laboratory and
maintenance type operations are two examples.
These infrequent operations often result in (or
have the potential for) generation of contami-
nant levels higher than those experienced dur-
ing normal operations.

The exposure determination phase of the pro-
posed OSHA regulations (see Table 1.1 in sec-
tion 1.4 and Chapter 2) is completely compatible
with infrequent operations. If an employer con-
siders all the factors required by the proposed
regulations and determines with his best pro-
fessional judgment that significant exposures
are not likely to occur, then exposure measure-
ments are not required. Refer to each specific
hazardous substance regulation in 29 CFR 1910.
1000 series (Subpart Z) for detailed require-
ments. The physiological risk from the chemical
(its toxic potential) should be a very important
congideration in the determination of need to
sample employees with infrequent exposures.
Chemicals that may create acute toxic effects
after high exposures lasting seconds to hours
obviously have sampling priority. These chem-
icals need to be watched more closely in infre-
quent exposure situations. The informative
appendices of the proposed OSHA regulations
confain health hazard data and toxicology infor-
mation that outlines the short- and long-term
effects of each substance. Generally, those sub-
stances with ceiling standards should be looked
at very carefully for overexposure risk in infre-
quent exposure situations.

Sections 3.1 through 3.6 are also directly appli-
cable to infrequent operations. OSHA should
be contacted for advice on complying with re-
quirements for periodic monitoring of infre-
quent operations (section 3.7). The require-
ments for routine monitoring were primarily de-
veloped to detect hazardous shifts in routine
exposure levels. Thus, the question of how often
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to monitor infrequent operations is best an-
swered with professional judgment based on
the considerations given above.
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CHAPTER 4

STATISTICAL ANALYSIS OF
EXPOSURE MEASUREMENT SAMPLE RESULTS

Chapter 3 discussed how the employee ex-
posure measurement samples should be col-
lected, chemically analyzed, and exposure meas-
urement results recorded. This chapter details
the application of standard statistical methods
to these results for the purpose of answering
such questions as:

® Was an employee exposure average in
compliance with the health standard
{either ceiling or 8-hour time weighted
average [TWA]) on a particular day?

® What is an employee’s long-term expo-
sure estimate based on several exposure
measurement daily averages?

®* What is the percentage of days an em-
ployee can be expected to be exposed to
above-standard levels, based on several
exposure measurement daily averages?

® Should engineering controls be installed
to reduce excessive exposures?

4.1 CONFIDENCE INTERVAL LIMITS

The decision making process based on statis-
tical theory of hypothesis testing is closely
linked to the concept of confidence interval
limits (i.e., to the calculation of the confidence
interval expected to contain the true average
exposure). This subject is discussed in most
introductory statistical texts. Leidel and Busch
{4-1) have discussed the application of confi-
dence limits to occupational health exposure
measurements,

Briefly, when an employee is sampled and an
average exposure calculated, this measured ex-
posure average will rarely be exactly the same
as the true average exposure. The discrepancy
between the measured and true exposure aver-
ages results from random sampling errors and
random occupational environmental fluetua-

tions within a workshift. Thus, the result of
the sampling is referred to as an average expo-
sure estimate (or estimate of the true average
exposure). Statistical methods allow us to cal-
culate interval limits for each side of the aver-
age exposure estimate that will contain the true
exposure average at a selected confidence level
(as 95%). The numerically larger limit is
known as the upper confidence limit (UCL),
and the numerically smaller limit is known as
the lower confidence limit (LCL). In the long
run, nineteen of twenty 85% confidence intervals
would include the true average exposure be-
tween the LCL and UCL.

We can compute either two-sided or one-sided
confidence intervals., Two-sided intervals brac-
ket, on both sides, the true exposure average
at the stated confidence level. A one-sided con-
fidence limit gives only the upper (or lower)
bound on the true exposure average without
considering the other side (or bound). All pro-
cedures of Leidel and Busch and this Handbook
use one-sided confidence limits (either the UCL
or LCL). These are chosen at the 95% confi-
dence level. The LCL should be employed by
a compliance officer to place the burden of proof
of noncompliance upon the Government. How-
ever, the employer would more properly em-
ploy the UCL to ensure that safe employee ex-
posure levels exist.

Figure 4.1 provides a graphic example of an
LCL and UCL (each one-sided) for an average
exposure estimate. The practical interpretation
of a 95% one-sided LCL is that one can be 95%
confident that the true average exposure is
greater (larger) than the LCL (thus the arrow
points up). Conversely, for a 95% one-sided
UCL, one can be 95% confident that the true
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LCL, ONE-SIDED LOWER CONFIDENCE LIMIT
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Figure 4.1. Example of one-sided LCL and UCL.
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EXPOSURE

®

LCL
STD
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(B2)
uctL
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Figure 4.2. Classification according to one-sided confidence limits.

TABLE 4.1, CLASSIFICATION SYSTEM FOR EMPLOYEE EXPOSURE TO CONTAMINANTS

Classification

Definition Statistical criterion

A, Noncompliance
exposure

B. Possible
OVEer exposure

C. Compliance
exposure

There is 95% confidence (based on LCL (at 95%) > STD
measurements) that a worker’s ex-
posure is above the standard

Any individual who cannot be classi-
fied in A or C

There is a 95% confidence (based on UCL (at 95%) = STD
measurements) that a worker’s ex-
posure is below the standard
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average exposure is less (smaller) than the
UCL (thus the arrow points down).

Technical Appendix J, Confidence Limits and
Confidence Levels as They Affect Employee and
Employer Risk, discusses choosing other confi-
dence levels such as 90% or 99%.

A one-sided eonfidence limit (LCL or UCL)
can be used to classify average exposures into
one of the three possible exposure categories.
The use of the LCL (by the compliance officer)
would result in a decision of either Noncompli-
ance Exposure or Possible Overexposure. The
use of the UCL (by the employer) would result
in a decision of either Compliance Exposure or
Possible Overexposure. Figure 4.2 displays the
three-way classification relative to the standard.
(Figure 4.2 is a graphic presentation of the con-
tents of Table 4.1.) The circle in each vertical
line represents the average exposure estimate
calculated from the measurement sample re-
sults,

The definition of an “exposed” employee de-
serves further explanation. Case Bl represents
an employee whose average exposure estimate
on a day was greater than the standard (over-
exposure in the conventional sense). But, the
LCL did not exceed the standard, and a sta-
tistically definitive statement could not be made
since there was a possibility that the true aver-
age exposure was under the standard in the
region down to the LCL and, thus, not “over-
exposed.” Conversely, Case B2 represents an
employee whose average exposure estimate was
less than the standard ({safe exposure in con-

‘ventional terms). But, the UCL was not Iower

than the standard, and a statistically definitive
statement could not be made regarding com-
pliance since there was a possibility that the
true average exposure was in fact greater than
the standard (up to the UCL),

The classification system for employee expo-
sure is summarized in Table 4.1,

4,2 CLASSIFICATION OF EXPOSURE FOR
AN 8-HOUR TWA STANDARD

The following procedures are concerned with an 8-hour
TWA standard as defined in 29 CFR 1910, Subpart Z. The
authors are not aware of any OSHA policy regarding work-
shifts of other than 8-hour duration. However, the employer
may want to create his own lower exposure limits for work-
shifts exceeding 8 hours; Brief and Scala (4-2) have given
guidance for longer than 8-hour workshifts.

4.2,1 Fult Period Single Sample Measurement

Refer to sections 3.3.1 and 3.4 for the definition
and application of this measurement strategy.

PROCEDURE

(1) Obtain the full-period sample value (X),
the 8-hour TWA standard (STD), and the
coefficient of variation (CVy) for the sam-
pling/analytical method, which is known
from prior data. CVr can be obtained from
Technical Appendix D, from Coefficients of
Variation and Accuracy Requirements for
Industrial Hygiene Sampling, and from
analytical procedures,
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EXAMPLE

(1) A charcoal tube and personal pump were
used to sample for alpha-chloroacetophe-
none. A flow rate of 100 cc/min was used for
an 8-hour period. The analytical laboratory
reported 0.04 ppm and gave a CVy for the
method of 0.09. The STD is 0.05 ppm. Thus,
X=004 ppm.



(2) Divide X by the standard to determine x,
the “standardized” concentration. That is:

_ X

~S§TD

This division is performed to make the
concentrations of contaminant independent
of the standard (in concentration units) for
the particular contaminant being investi-
gated and to simplify later calculations.
All values x are comparable to a single
scale of compliance with a standard of
unity. That is, the standard for the trans-
formed variable x will always be unity.

. e id

{3) Compute LCL or UCL as follows: *
a) Compliance officer’s test for noncom-
pliance, Compute

LCL(95%) =x — {1.645) (CVy)

b) Employer’s test for compliance. Com-
pute

UCL(95%) = = + (1.645) (CVy)

(4) Classify the exposure average for the one
sample according {o the classification sys-
tem. .

a) Compliance officer’s test for noncom-
pliance,

e If LCL > 1, classify as Noncompliance
Exposure.

¢ Ifx > 1 and LCL =
Possible Overexposure,

1, classify as

e If x = 1, no statistical test for non-
compliance would be made.

*STATISTICAL NOTE: The use of the (CV,) in the
confidence limits formulae is equivalent to calculating
the standard deviation of X (concentration) as (CVy)
(S5TD) instead of (CVy) (u). Thus, for 4 > STD, the
caleulated LCL for ,/STD (the true relative concen-
tration) is slightly higher than the correct LCL because
of our having underestimated the standard deviation.
Nevertheless, the use of LCL as computed in (3a) to
make a noncompliance decision is correct since the
decision rule selected is algebraically equivalent to a
significance test of the null hypothesis of compliance.
The rationale for the significance test is:

—LCalculate an upper tolerance limit for full period

(2) p=004ppm_

0.05 ppm

&) '
a) LCL=0.8 — 1.645(0.09) =0.65

{Note: No LCL would be required since the
value of x itself is below 1.0.)

b} UCL (95%) =0.8- (1.645) (0.09) =0.95

4)

a) Since x=0. is less than 1, the compli-
ance officer would not need to make a
statistical test for noncompliance.

concentration measurements (X) under the null
hypothesis that the true TWA concentration is
equal to the standard.

-—Then, if the observed measurement exceeds the
upper tolerance limit, reject the null hypothesis
and decide for noncompliance,

Since the same allowance for measurement error
would be added to STD to get the upper tolerance
limit as would be subtracted from X to get the LCL
for the true TWA concentration, the two decision rules
are algebraically identical. The LCL format for the
decision rule is preferred because it also provides a
(conservative) quantitative lower limit on the actual
exposure in the case of a noncompliance decision.
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b) Employer’s test for compliance.

e If UCL = 1, classify as Compliance
Exposure.

e If UCL > 1, classify as Possible Over-
exposure.

¢ If x > 1, no statistical test for com-
pliance would be made.

4,2.2 Full Period Consecutive Samples Measurement and
Partial Period Consecutive Samples Measurement

Refer to sections 3.3.2, 3.3.3, and 3.4 for defini-
tions and applications of these measurement
strategies.

For full period consecutive samples, section
4221 assumes that all sampled periods have
equal true average concentrations. If we expect
the samples to have significantly different
values because of different exposure situations
during the workshift, then the conservative pro-
cedure in section 42.22 can be used. Where
exposures are highly variable between the sam-
pling periods in the day, the use of 4.2.2.1 would
underestimate the random sampling error in the
TWA, thus increasing the chance of deciding a
Noncompliance Exposure (with the compliance
officer’s test) or deciding a Compliance Expo-
sure (with the employer’s test). The proce-
dure in section 4.2.2.1 is exact («=0.05) for the
case of uniform exposure during the workshift.
The procedure for nonuniform exposure given
in section 4222 is approximate and, typically,
will have greater than 95% confidence levels.
The probability « of making a type-I error using
4.2.2.2 would be less than 0.05 and the power of

4.2.2.1 Fyll Period Uniform Exposure

STANDARD PROCEDURE

(1) Obtain X,, X,, . . , X,, the n consecutive
sample values on one workshift and their
durations T;, Ty, . . ., T.. Also obtain CVy,
the sampling/analytical total coefficient of
variation as in the preceding section 4.2.1
(step 1).
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b) Since 0.95 is less than 1, the employer
could state that the exposure was a Com-
pliance Exposure at the 95% confidence
level.

the test is also decreased as discussed in Tech-
nical Appendix J.

To summarize, for highly nonuniform expo-
sure situations, the simpler section 4.2.2.1 pro-
cedure may underestimate the sampling error
in the TWA. However, the approximate pro-
cedure in section 4.2.2.2 will usually overesti-
mate the sampling error in the TWA. The
LCL’s from 4.2.2.2 will be lower than those from
4221, and the UCL’s from 4.2.2.2 will be higher
than those from 4.2.2.1.

For partial period consecutive samples, the
employer computes the UCL for the average
exposure level during the sampled portion of
the day using the procedure of section 4.2.2.1 or
4222 He then compares the UCL to the 8-hour
standard. This can be done if he assumes the
same exposure existed during the unsampled
portion of the workshift as existed during the
measured portion. However, a more conserva-
tive procedure for use by the compliance officer
would be to assume zero exposure for the un-
sampled portion of the workshift. See section
3.4 for a discussion of this point. The procedure
in section 4.2.2.3 is for the compliance officer
only.

EXAMPLE

(1) A personal pump (50 ce/min) and three
charcoal tubes were used consecutively to
monitor an employee’s uniform exposure
to isoamyl alecohol. Appendix D gives a
CV¢=0.08 for this method. The 8-hour TWA
STD is 100 ppm. The analytical lab re-
ported the following results for the three

tubes:
X,=90ppm, X,=140ppm, X,=110ppm
T;=150 min, T,=100min, T,=230min



(2) Compute the TWA exposure as detailed in
Technical Appendix H (Part A).

(3) Divide the TWA exposure by the standard
to determine the standardized average

(TWA/STD).

(4) Compute the LCL or UCL as follows:

a) Compliance officer’s test for noncompli-
ance. Compute

LCL (95%) = (TWA/STD) —

1.645(CVz) \/ TE4+Ti4 ... +T2

T:+Te+ ...+T,

b) Employer’s test for compliance. Com-
pute

UCL (95%) = (TWA/STD) +

2

1.645(CVy) \/ Ti4Ti4+ ... +T2

N

T,+Te+

NOTE: If the sample durations are approximately

equal, these short equations can be used:

1.645(CV,)
a) LCL (95%)=(TWA/STD) — —vn

 1.645(CVy)
b) UCL (95%) = (TWA/STD) r—n

(2) TWA= Zélﬁ{ (150 min) (90 ppm) + (100 min)

{140 ppm)} + (230 min) (110 ppm)}
=110. ppm

110. ppm __

@) (TWA/STD) =

4

a)

LCL (95%)=1.10—

(1.645) (0.08) »¢ (150) 2+ (100) 2+ (230)2

150 +100+ 230

=110-0.08=1.02

b) No employer’s test is necessary since
TWA/STD exceeds 1. For illustrative
purposes, compute UCL (95%) =1.10
+0.08=1.18
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(5) Classity the TWA exposure average for the (5)
n samples according to the classification

system.
a) Compliance officer’s test for noncom- a) Since 1.02 exceeds 1, this TWA expo-
pliance. sure is classified as a Noncompliance

Exposure at the 95% confidence level

using an analytical method with

a CVr=0.08. The sample results indi-

e If (TWA/STD) > 1 and LCL = 1, cate a fairly uniform exposure.
classify as Possible Overexposure.

¢ If (TWA/STD) = 1, no statistical test
for noncompliance would be made.

s If LCL > 1, classify as Noncompliance
Exposure.

b) Employer’s test for compliance.

e If UCL = 1, classify as Compliance
Exposure.

e If UCL > 1, classify as Possible Over-
exposure,

o If (TWA/STD) > 1, no statistical test
for compliance would be made.

4.2.2.2 Full Period Nonuniform Exposure Procedure

PROCEDURE EXAMPLE
(1) Obtain X,, X, . .-, X, the n consecutive (1) A personal pump (50 cc/min) and two
sample values on one workshift and their charcoal tubes were used to monitor an
durations T, Ty, . . ., T\ Also obtain CVy, employee’s nonuniform exposure to iso-
the sampling/analytical total coefficient of amyl alcohol. Appendix D gives a CV,=
variation as in section 4.2.1 (step 1). 0.08 for this method. The 8-hour TWA STD

is 100 ppm. These results were reported
back from the lab.

X,=30 ppm and X, =140 ppm
T;=2300 min and T, =180 min
(2) Compute the TWA exposure as detailed in (2) TWA=
Technical Appendix H (Part A). (300 min) (30 ppm) + (180 min) (140 ppm)
(300 + 180) min
=T1. ppm

.

71. ppm _

100 ppm 0.71

(3) Divide the TWA exposure by the standard (3) (TWA/STD) =
to find the standardized average (TWA/

STD).



(4) Compute the LCL or UCL as follows:

a) Compliance officer’s test for noncompli-
ance. Compute

LCL (z 95%) = (TWA/STD) —

1.645(CVy) A\/ TiX3+ ... +TaX;

(STD)(T,+ ... +Ty) ‘\’I-I-CV,’

b) Employer’s test for compliance. Com-
pute

UCL (z 95%)= (TWA/STD) +

1.645 (CVy) \/ TIX3+ ... +T:X:

(STD) (T.+ ... +T.) qf1+CV}

NOTE: If the sample durations are approximately
equal, these short equations can be used:

a) LCL (= 95%)=(TWA/STD) —

1.645 (CV,) ,J Xip ... +X%5

(m) (STD) \f1+CV}
b) UCL (=95%) = (TWA/STD) +

1.645 (CVT)\/ X+ ... +X5

(n) (STD) J1+CV,

{5) Classify the TWA exposure average for the
n nonuniform samples according to the
classification system.

a) Compliance officer’s test for noncompli-
ance,

¢ If LCL > 1, classify as Noncompliance
Exposure.

e If (TWA/STD) > 1 and LCL = 1,
classify as Possible Overexposure.

o If (TWA/STD) = 1, no statistical test
for noncompliance would be made.

4)

a) Since {(TWA/STD) < 1, no test for
noncompliance would be needed.

b) UCL (= 95%) =011+

(1.645) (0.08) J (300)2(30) 2+ (180)* (140)2

(100) (300+180) /1 + (0.08)

=0.714+0.07=0.78

(5)

a) Since 0.71 < 1, the compliance officer
would not make a statistical test for non-
compliance.



b) Employer's test for compliance. b) Since 0.78 is less than 1, the employer
e If UCL = 1, classify as Compliance would classify this TWA exposure as

Exposure. Compliance Exposure at the 95% or

t fid level.
s If UCL > 1, classify as Possible Over- greater coniidence leve

exposure,

o If (TWA/STD) > 1, no statistical test
for compliance would be made.

4.2.2.3 Partial Period Consecutive Samples Procedure
{compliance officer only)

To calculate the LCL, follow the full period
procedures of section 4.2.2.1 (uniform exposure)
or 4222 (nonuniform exposure) and examples
through part (4} of either section. For example,
suppose the three samples of section 4.2.2.1 had
covered only 6.4 hours and the LCL (95%) was
still 1.02. Then a Partial Period Limit (PPL)
would be calculated as follows:

PPL= I: period of STD =8 hours

= (8 hr) / (6.4 hr) =1.25
total time of samples

Then classify the TWA exposure for the =
samples with the following test for noncompli-
ance.

e If LCL > PPL, classify as Noncompliance
Exposure.

e If (TWA/STD) > PPL and LCL = PPL,
classify as Possible Overexposure.

o If (TWA,STD) = PPL, no statistical test for
noncompliance would be used.

Since 1.10 is less than 1.25, no statistical test for
" noncompliance would be used because there is

no possibility of statistically demonstrating non-

compliance under the previous assumptions.

423 Grab Samples Measurement, Small Sample Size
(less than 30 samples during period appropriate
to standard)

Refer to sections 3.3.4 and 3.4 for the defini-
tion and application of this measurement strat-
egy. The statistical theory for the material in
this section is contained in Bar-Shalom et al.
(4-3).
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PROCEDURE

(1) Collect data.

The available contaminant data consist of
less than 30 exposure grab samples X,
..., X, (sample concentrations for the short
sampling periods).

Technical Remark: One should not attempt
to decide the 8-hour average contaminant

That is, divide each of the sample
concentrations by the standard. The
new &, X . . ., X, are called the
standardized concentrations.

b) Compute the common (base 10) log-
arithms for each standardized concen-
tration. 'The logarithms of the stand-
ardized concentrations are denoted by
Y1, Yo, - - ., Yau- Therefore:

1= log &1, y2=1log Xy, .., ya=log x,.

EXAMPLE

(1) A personal pump (25 cc/min) and 8 char-

coal tubes were used to monitor an em-
ployee’s exposure to ethyl alcohol. Each
tube was exposed for 20 minutes. The 8-
hour TWA STD is 1000 ppm. Appendix D
gives a CVr of 0.06 for this method. The
following results were reported.
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level based upon short samples from only X,=1225 ppm
. X,= 800 ppm
a small portion (e.g., last 2 hours) of the _
. X,=1120 ppm
8-hour work day. The sampled periods _
. ;= 1460 ppm
should have been chosen as a random and
. . : X,= 975 ppm
unbiased sample from the entire period of X. = 980
the standard as detailed in section 3.4.4. i ppm
X;= 525 ppm
NOTE: THIS PROCEDURE CANNOT HANDLE X.=1290 ppm
ZERO DATA VALUES. Refer to Technical Appendix
I, Lognormal Probability Plots of Exposure Measure-
ment Data and Exposure Averages, for a discussion
of this problem.
(2) Standardize the sample concentrations and (2)
compute the logarithm of each standardized .
value Standardized
' Data (ppm)  concentrations Y= log,a
a) Calculate the standardized concentra- X, x; (x3)
tions using the applicable Federal 1225 1.225 0.0881
standard (29 CFR Part 1910 Subpart 800 0.800 —0.0969
Z). 1120 1.120 0.0492
Let the Federal standard for the con- 1460 1.460 } 0.1644
. . . . 975 0.975 —0.0110
taminant being investigated be de-
, 980 0.980 —0.0088
noted by STD. Compute the following
uantities: 525 0.525 —0.2798
d 1290 1.290 0.1106
= X'I Ta= X."'.. r,= Xn
18TD’ ™ STD’ """ 8TD



(3) Compute the Classification Variables (y, (3) y=10.002
s, n), §=0.140

Obtain the arithmetic mean of logarithm n=38
values, denoted by ¥, and the standard
deviation of the logarithms, denoted by s.
Then y, s, and n are the classification vari-
ables. These variables will be used in

classifying the exposure average.

These can be conveniently computed using
a preprogrammed calculator, or the follow-
ing equations can be used. The formula for
Y is

- 1
y=_—Wity:t ... +yn)

The formula for s is

=\/%1([y1-§]2+[y2.§]2+ o F Y- 9]Y)

Or, in a simpler form, s is

3=Jni_1(y21+ ys+ ...+ yi —ny?)

(4) Plot a point whose coordinates are y and s (4) To use the classification chart, proceed as

on the classification chart. follows:
a) The y classification variable appears ® Plot a point defined by the classification
on the vertical axis. variables y and s on Figure 4.3,
b) The s classification variable appears ¢ If the classification point lies on or above
on the horizontal axis. the upper curve corresponding to the

number of measurements n, then classify

¢) A set of curves form the boundaries of )
as Noncompliance Exposure.

the classification regions. Each of these

boundaries is a function of the number ® If the classification point lies below the
of observations denoted by n. Values lower curve corresponding to the number
of n from 3 to 25 are provided. of measurements n, then classify as Com-

pliance Exposure.

¢ If the classification point is between two
curves, then classify as Possible Over-
exposure.,

e If the value of s is greater than 0.5, one
or more of the concentration measure-
ments is relatively distant from the main
body of the sample distribution. Addi-
tional exposure measurements should be
obtained for this employee.
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Figure 4.3. Grab sample measurement average classification chart.
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In this case, the plotted point is shown on
Figure 44 between the n=8 curve in the
upper family and the n=8 curve in the
lower family. Thus, the exposure is classi-
fied as Possible Overexposure.

NONCOMPLIANCE EXPOSURE REGION
{n-8)

+0.l

n=7
= ~(n- g) INTERPOLATED

n-

N POSSIBLE OVEREXPOSURE
REGION (n-8)

|
o

i
o
NS

!

TIVE CONCENTRATION =)

=
L
|

=
.
|

S
on
T

- MEAN OF LOG,, (RELA
[

&
i

EXPOSURE
REGION {n-8)

o
1

{n-8)
{ '\ inTERPOLATED

-0.9 _ | l |
0 ol 02 03 04 0.0

~«1-STANDARD DEVIATION OF LOG 10
(RELATIVE CONCENTRATIONS x)

Figure 4.4. Grab sample classification chart for example of section 4.2.3.
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(5) Compute the best estimate of the average

exposure (X*).

The classification variables y and s are also
used to obtain the best estimate of the aver-
age exposure (X*). The best estimate of
the average exposure is obtained using the
estimation graph presented in Figure 4.5.
This estimation graph contains the follow-
ing:

a) a vertical axis for the y classification
variable,

b) a horizontal axis for the s clagsification
variable, and

¢) a set of curves for reading the best
estimate of the standardized average
exposure (exposure divided by the

standard) denoted by X*/STD.

If the values of y or s are outside the range

(5) The procedure for using Figure 4.5 is as

follows:

e Plot the variables y and s, with y on
the vertical axis and s on the horizontal
axis. :

¢ Follow the graph curve nearest to the
plotted point to the X*/STD axis on the
right-hand side of the graph.

e Interpolate between two values of X*/
STD to obtain the appropriate X*/STD.
If the value of X*/STD is multiplied
by STD, then the best estimate of the
average exposure (X*) will be obtained.

In this example, the plotted point (shown
on graph) indicates

. X*/STD=1.05
X* = (1.05) (1000 ppm) = 1050 ppm

of the measurements, the formula
X+ 1
ﬁ-ﬁ—a(a’:l"'xg'*' . +xn) 'T"——'—ﬁ_;__:_*’*
6 N i}
_is to be used to estimate the standardized ; "*\_% - | X/STD
z 5 \\\
. 5.0
average exposure. g 4 — \%4.5
< - ~J4.0
E 3 \\\ 35
§ o
z - 25
S ) = —--\.._:‘\\\.zo
g s
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Figure 4.5. Estimation graph for X*/STD.
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4.2.4 Grah Samples Measurement, Large Sample Size
{greater than 30 samples during the peried appro-
priate to standard)

Refer to sections 3.3.4 and 3.4 for the defini-
tion and application of this measurement strat-
egy. Usually one collects far fewer than 30
samples during an 8-hour (TWA standard) or
15-minute (ceiling standard) period because of
the cost of each sample (as with colorimetric
detector tubes) and limited availability of per-
sonnel to take the samples. However, if one
has a direct reading instrument available (espe-
cially with an attached strip chart recorder)
for the contaminant of interest, then it is very
feasible to obtain more than 30 samples during

the period appropriate to the standard. This is

PROCEDURE
(1) Collect data.

The available contaminant data consist of
more than 30 exposure grab samples X,

. .- X, (sample concentrations for each
short sampling period randomly selected
over the total period appropriate to the
standard), NOTE: This procedure is able
to handle zero data values.

(2) Standardize the sample values as shown in
part 2(a) of the previous section (4.2.3).
These are denoted by xi, . . ., Tn.

(3) Compute the arithmetic mean and standard
deviation of the standardized sample values.
Use either a preprogrammed calculator
(with x and s buttons) or use the computa-
tional formulas of part 3 of the previous
section (4.2.3).

preferable to the small sample size (less than
30) analysis of the previous section (4.2.3) since
for larger sample sizes the confidence limits
about the exposure average are tighter than for
small sample sizes. Additionally, for sample
sizes larger than about 30, the distribution of
the measured exposure average is better de-
seribed by the normal distribution. Thus, one
does not have to calculate the logarithms of the
sample values (as in section 4.2.3) and the tests
for compliance and noncompliance are sim-
plified. However, most direct reading instru-
ments are not suitable for personal samples and
can be used only for general air samples. Refer
to Technical Appendix C, The Inadequacy of
General Air (Area) Monitoring for Measuring
Employee Exposures.

EXAMPLE

(1) A direct reading ozone meter with strip
chart recorder was used to monitor a sta-
tionary employee’s exposure to ozone. The
8-hour TWA STD is 0.1 ppm. The follow-
ing 35 values were read off the strip chart
record of an 8-hour period for 35 randomly
selected times during the period (all values
in ppm). '

0.084 0.062 0.127 0.057
0.145 0.084 0.101 0.105
0.079 0.078 0.067 0.073
0.066 0.085 0.080 0.071
0.048 0.092 0.066 0.109

010
0.125
0.069
0.103
0.110

0.072
0.076
0.084
0.075
0.057

0.077
0.043
0.061
0.070
0.107

0.72
0.76
0.84
0.75
0.57

0.77
0.43
0.61
0.70
1.07

0.62
0.84
0.78
0.85
0.92

1.27
1.01
0.67
0.80
0.66

0.57
1.05
0.73
0.7
1.09

1.01
1.25
0.69
1.03
1.10

(2) 0.84
145
0.79
0.66
0.48

(3) mean=0831=x
standard deviation =0.230
n=35
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(4} Compute the LCL or UCL as follows:

a) Compliance officer’s test for noncompli-
ance. Compute

{1.645) (s)

LCL(95%) =x— v

b) Employer’s test for compliance. Com-
pute
(1.645) (s)

UCL (95%) =x+
n

where
1.645 =critical standard normal deviate for
95% confidence (one-sided)

(9) Classify the standardized TWA exposure
average according to the classification sys-
tem.

a) Compliance officer’s test for noncom-
pliance:

e If LCL. > 1, classify as Noncompli-
ance Exposure.

eIf r > 1and LCL = 1, classify as
Possible Overexposure.

e If x = 1, no statistical test for non-
compliance would be made.

b) Employer’s test for compliance:

e If UCL = 1, classify as Compliance
Exposure.

® 1f UCL > 1, classify as Possible Over-
exposure. :

e If x > 1, no statistical test for compli-
ance woiuld be made.
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(5)

b) UCL (955%) =0.831 + a2 (0230)
) (95%) =0. =

=0.89

b) Since 0.89 is less than 1, this exposure is
classified as a Compliance Exposure at
the 95% confidence level.



4.3 CLASSIFICATION OF EXPOSURE FOR A

CEILING STANDARD

Refer to section 3.5 for guidelines on sampling for a ceiling
standard. This section (4.3) is divided into two parts:

—Classification of exposure based on measurement sam-
ples taken during periods of expected high concentra-

tion (4.3.1).

—Classification of exposure based on unsampled periods
of potentially high concentrations (4.3.2).

4.3.1 Classification Based on Measurement Samples
PROCEDURE
a) Obtain the ceiling measurements {each

measurement may consist of one or
more samples):

(1)

Xh X?r ‘e ey Xn

Obtain CVy, the sampling/analytical coeffi-
cient of variation, as in section 4.2.1 (step
1}).

b) Select the largest measurement and
refer to it as X.

c) Calculate the maximum relative ceil-
ing value

x=X/CSTD

where CSTD is the ceiling standard.

(2) Classify using either section 4.2.1 or 422,
Use section 4.2.1 if a single 15-minute sam-
ple is the highest measurement. Use sec-
tion 4.2.2 if the average of several consecu-
.tive samples (as detector tubes) comprised
the highest measurement.

(3} If the classification is Compliance Expo-
sure, go to section 4.3.2. Otherwise, this
terminates the ceiling classification pro-

cedure.
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EXAMPLE

a) An employee is exposed to hydrogen
sulfide for about 16 short periods each
workshift. The ceiling standard is 20
ppm. NIOSH method S4 specifies a
reagent in midget impinger sample
procedure. Each sample was taken for
10 minutes at 0.2 liter per minute.
Appendix D gives a CV of 0.12 for
this method. Five impingers were
used, and 5 samples were taken from
5 periods randomly chosen from the
16 possible. The laboratory reported:

(1)

X,=12 ppm, X.=14 ppm, X,=13 ppm,
X,=16 ppm, X;=15 ppm

b) X=16ppm

¢) x= (16 ppm) /(20 ppm) =0.80

(2) UCL (95%) =0.80 + (1.645) (0.12)

=0.997

and since 0.997 is less than 1, classify the
highest measurement as a Compliance Ex-
posure.

(3) Go to section 4.3.2 below.



4.3.2 Classification Based on Unsampled Periods

This optional classification procedure is used
where there are unsampled periods of poten-
tially high (ceiling) exposure. It is used to
make a conservative statistical inference (from
the standpoint of employee protection) regard-
‘ing the unsampled periods. Refer to Technical

Appendix K, Statistical Decision Theory for .

Ceiling Exposure Measurements, for the deriva-
tion, assumptions, and statistical methods used
in this section.

PROCEDURE

(1)  a) Calculate the relative ceiling measure-
ments and their logs;,:

x,=X,/CSTD, .= X,/CSTD, .. .,
x,= X,/CSTD

1=logio (x1), Ya=logy (x2},.. ., ya=logs, (x,)

b) Then calculate the mean y of the log
values (y¥:) and their standard devia-
tion (s). This is best done using a
calculator. The following equations
can be used if a calculator is not avail-
able,

n
y=2 T u=p @ttty
i=1
n
§= LT W
n—1
i=1

(2) Compute probability 8 (8 is the probability
that, during an arbitrary unobserved inter-
val, the exposure is above the standard) as
follows:

Form z=@where |y| is the absolute value
of 4. §

EXAMPLE
1) a) (CSTD=20 ppm)

‘=

X, Data X logy, ()
12 0.600 -~0.2218
14 0.700 '—~0.1549
13 0.650 ~0.1871
16 0.800 ~0.0969
15 0.750 ~0.1249
b) y=—01571
s= 00494
n= 5
@ =20 318

since y < 0, 8=1— (0.9993) = 0.0007

This means there is a 0.07% probability that
any particular one of the unsampled periods
will exceed the CSTD.



Use Table 4.2 and z to evaluate the value
of 2 as follows:

If y < 0, compute g=1— (value in Table
4.2), but if y = 0, then 8= value in Table
4.2,

Classify the employee’s exposure for the
remaining unsampled intervals,

(3)

From Step 2, g8 is the probability that the
exposure during any one unsampled inter-
val is above the standard. Another way of
stating the above is that 2 is the probabilijty
of “violation” of the standard. Thus (1—28)
is the probability of “compliance” with the
standard for any particular unsampled
period.

The probability of compliance for all of the
K unsampled infervals of expected high
exposures is computed from:

P.=(1—-p)F

Again this is best done on a calculator, but
P, can be computed from a table of log-
arithms as follows:

loginP,=Klogi (1 8)
P.=antilog,, (log P.)

Perhaps the number of the remaining inter-
vals in the workshift that may be of ex-
pected high exposure is unknown. In that
case,-a conservative approach is to assume
K equals the number of remaining inter-
vals. For example, if five 15-minute meas-
urements were taken during an 8-hour
workshift (32 possible 15-minute intervals),
it is assumed that K equals 27 (32—5).

4.4 CALCULATION OF GEOMETRIC MEAN OF
LONG-TERM EXPOSURE AND THE USE
OF THE PROBABILITY OF NONCOM-
PLIANCE WHEN DECIDING WHETHER
TO INSTALL ENGINEERING CONTROLS

Proposed OSHA exposure regulations require
"that control measures be instituted if “an em-
ployee exposure measurement reveals an em-
ployee is exposed to (substance name) above
the permissible exposure.” The type of controls

{3) (1—p)=1-0.0007=0.9993
K=16-~5=11
P. = (0.9993) 11=(.992

Thus there is 99.2% probability that all of
the 11 unsampled periods are in compli-
ance,

The classification is performed as follows:
® If P. > 0.9, classify as Compliance Ex-
posure.

® If P. < 0.1, classify as Noncompliance
Exposure.

e Jf0l = P, =
Overexposure.

0.9, classify as Possible

Thus, this case is classified as a Compliance
Exposure.

permitted and conditions of use required are
specified in each substance standard. These
should always be consulted before any control
is planned or implemented. There are two
broad categories of controls: work practice and
engineering. In the sense of this section, engi-
neering controls are meant to be local exhaust
ventilation systems or permanent engineering
modifications to the operation that reduce em-
ployee exposures,
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TABLE 4.2. TABLE FOR COMPUTING PERCENTAGE OF AREA IN THE TAIL OF A CUMULATIVE NORMAL
DISTRIBUTION*

.00 .01 |02 |[.O3 [.04 | O5 | 06 |07 | O8 [,09

.5000].5040 | .5080(.5120).5160f .5199].5239].5279|.53191.5359
.5393(.5438 | .5478|.5517 | .5557| .5596|.5636|.5675|.5714).5753
.5793|.5832 |.58711.5910].5948| .5987| .6026|.6064|.6103|.6141
.61791.6217 | .6255].6293 | .6331| .6368| .6406].64431.6480).6517
.65541.6591 | .6628(.6664 | .6700{.6736{.6772|.6808.6844|,6879
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.6915].6950|.6985|.7019|.7054].7088|.7123{.7157|.7190§.7224
.7257|.7291].7324|.73571.7389| .7422] .74541.7486|.7517|.7549
.7580(.7611 |.7642{.7673|.7704] .7734.77641.7794|.7823|.7852
.78811.79101.7939|.7967 | .7995] .8023|.8051/|.8078}.8106.8133
.81591.8186|.8212(.8238(.8264].8289(.8315{.8340(.8365|.8389
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.8413|.8438(.8461|.84851.8508] .8531].8554|.8577].8599].8621
.8643}.8665}.8686|.8708|.8729].8749].8770].8790|.8810}.8830
.8849].88691.8888|.8907 | .8925|.8944| .8962|.8980].8997.9015
.9032|.9049|.9066].9082 | .9099]|.9115|.9131].9147(.9162(.9177
.9192|.92071.9222].9236] .9251|.9265].9279].9292].9306].9319

0w

.93321.9345(.9357].9370}.9382}.9394].9406|.9418|.9429].9441
.9452|.94631.9474].9484 | .9495|.9505].9515|.9525|.9535|.9545
.9554|.95641.9573].9582 | .9591].9599].9603|.9616|.9625/.9633
.9641%.9649|.9656|.9664 | .9671|.9678].9686|.9693|.9699[.9706
.9713|.97191.9726|.97321.9738|.9744|.9750|.97561.9761].9767

9772|9778 |.9783|.9788 | .9793| .9798| . 9803} .9808].9312].9817
"98211.9826 | .98301.9834 | .9838| .9842] .9846].9850|.9854 |.9857
"og61| 0864 |.9868].9871].9875|.9878|.9881].9884} .9887].9890
"9393( 9896 [ .9898 |.9901 | .9904|.9906 | .9909}.9911].9913].9916
"9918| .99201.9922|.9925 | .9927| .9929( .9931.9932.9934.9936

» & &

.99381.9940(.9941{.9943|.9945|.9946| .9948.9949.9951.9952
1.9953(.9955].9956(.9957 | .9959}.9960].9961].9962|.9963|.9964
.9965|.9966|.9967|.9968 | .9969|.9970}.9971].9972].9973|.9974
.9974(.99751.9976(.9977 | .9977].9978(.9979|.9979|.9980}.9981
.99811.9932.99821.9983|.9984].9984|.9985|.9985].9986| . 9986

. .
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.9987|.9987.9987.9988 | .9988]|.9989].9989|.9989].9990].9990
.99901.9991.9991(.9991 | .9992|.9992|.9992|.9992|.9993|.9993
.9993|.9993|.9994}.9994 | .9994]|.9994].9994|.9995}.9995/.9995
.9995(.9995(.9995(.9996 | . 9996} .9996 | .9996].9996}.9996|.9997
.9997|.99971.9997|.9997 | .9997].9997|.9997(.9997.9997|.9998

WOl NNPpNON PN N

*Reproduced from Table A-1 of Natrella (4.4).

66



Since engineering controls do involve poten-
tially large capital outlays, the employer would
like to assure himself that the present employee
protection is truly inadequate. That is, does
the one day’s exposure measurement (s) truly
reflect the long-term exposure? Or was the high
exposure average on the one day due to an un-
usual problem that occurred on that day and
can the employee be protected in another way
{such as through plant operating guidelines or
stricter supervision of plant procedures)?

The employer should attempt to limit the
probability of employee overexposure (daily
exposures exceeding the permissible exposure
limit) to 5%. That is, no more than 5% of an
employee’s true daily exposure averages should
exceed the standard. The procedures of this
section will calculate the long-term probability
of noncompliance (P,) for an employee based
cn any number of appropriate daily exposure
averages. This P, can be interpreted as an esti-
mate of the proportion of days an employee will
be overexposed if the situation at the time of
the daily measurements holds constant. This
condition is referred to as a stationary long-term
exposure mean.

Other assumptions of this section include a
model where the true daily exposure averages
are lognormally distributed. The long-term
geometric mean (GM) of this distribution is
estimated from the measured daily exposure
averages. The day-to-day variation of the true

PROCEDURE

(1) Select all appropriate daily exposure aver-
ages to be used in calculating P,. Profes-
sional judgment and knowledge of the em-
ployee exposure situation must be heavily
relied upon here. Only those data repre-
sentative of the current “stable” exposure
situation should be used. One way of doing
this is to plot the employee's measured
daily exposure averages against time (days
or months scale). If the averages are trend-
ing upward (or downward) then this sec-
tion should not be used because an erron-
eous P, would be calculated. Only if the
long-term exposure average appears “level”
should one proceed further.

daily exposure averages is estimated by the
geometric standard deviation (GSD). This
model is discussed in Leidel, Busch, and Crouse
(4-5). Random sampling and analytical errors
that contribute to uncertainty in the calculation
of any one daily exposure average contribute
relatively little to the uncertainty of a long-
term exposure average. That is, the disper-
sion of the distribution of true daily exposure
averages is dominated by day-to-day environ-
mental fluctuations. Thus, a very good estimate
of the variation of the true daily exposure aver-
ages is given by the GSD of the measured daily
exposure averages. (The GSD includes negligi-
ble contributions from sampling/analysis er-
rors that are believed to be normally dis-
tributed.)

Also note that confidence levels are not in-
volved in this section because we are not plac-
ing confidence limits on the calculated prob-
ability P,. Neither are we testing the hypothesis
that a 5% probability of overexposure was ex-
ceeded by the measured daily averages. This
section is intended only as a recommended
guide to assist in making a decision about instal-
lation of engineering controls; simplicity was
the primary goal. Given the previous assump-
tions, there is approximately a 50 percent
chance that the true long-term probability of
noncompliance is greater than or less than the
calculated P,.

EXAMPLE

(1) An employee is exposed to dioxane in a
work environment. The 8-hour TWA STD
is 100 ppm. Charcoal tubes were used to
measure the employee’s exposure on 10 dif-
ferent days over a 6-month period. The
following ten 8-hour TWA exposures were
obtained

67, 51,33, 72,122,
75, 110, 93, 61, 190,
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All daily exposure averages should then be
standardized; that is, divided by the appro-
priate health standard. This was covered in
section 4.2 and the following is a reference
of the nomenclature used for each sampling

strategy.
Daily
exposure Daily
average standardized
Sampling {concen- erposure
strategy Section tration) average
Full period
single sample 421 X x
Full period
consecutive sample 4.2.2 T™WA TWA/STD
Grab samples 423 X* X*/8STD

{2) Compute the common (base 10) logarithm

for each standardized exposure average.
The logarithms of the standardized expo-
sure averages are denoted by ¥,, Y., ..., Y,
The subscripts indicate a particular day in
the data series.

Yi=logiw [x:or (TWA/STD)or (X*/STD).]

3)

4

Standardized exposure averages from dif-
ferent sampling strategies can be mixed.

This procedure cannot handle zero data
values. Refer to Technical Appendix I, Log-
normal Probability Plots of Exposure Meas-
urement Data and Exposure Averages, for
a discussion of this problem.

Compute the arithmetic mean of the log-
arithm values (?.—), denoted by Y, and the
standard deviation of the logarithms, de-
noted by S. These are best computed on a
calculator, but the computational equations
of section 4.2.3 (step 3) can be used.

The long-term exposure GM is given by:

GM = [antilogy, (Y)] (STD)

and the day-to-day variation of the daily
exposure average is given by the GSD:

GSD = antilog;o (S)
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(2)
Y, log
TWA data TWA/STD values
67 0.67 -0.1739
51 0.51 -0.2924
33 0.33 —0.4815
72 0.72 —0.1427
122 1.22 0.0864
75 0.75 —0.1249
110 1.10 0.0414
93 0.93 —0.0315
61 0.61 —0.2147
190 1.90 0.2788

3 Y=-01055
S= 0212
n= 10

(4) GM= (0.7843) (100) =784 ppm
GSD= 163



(5) The probability of noncompliance (P,) is
calculated from Y and S as follows:

Y]

Compute = where [¥1 is the absolute

value of Y.

Then use Table 4.2 to evaluate P, by:
if Y < 0, compute P,=1— (value in Table
42),

if Y = 0, then P,=value in Table 42
This is done the same as is step 2 in section
43.2.

{6) If P, exceeds 0.05, a strong indication exists
that engineering controls should be in-
stalled.
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