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Context-Specific, Scenario-Based Risk Scales

Michael Yu,1,∗ Tomás Lejarraga,2 and Cleotilde Gonzalez1

Reacting to an emergency requires quick decisions under stressful and dynamic conditions.
To react effectively, responders need to know the right actions to take given the risks posed
by the emergency. While existing research on risk scales focuses primarily on decision mak-
ing in static environments with known risks, these scales may be inappropriate for conditions
where the decision maker’s time and mental resources are limited and may be infeasible if
the actual risk probabilities are unknown. In this article, we propose a method to develop
context-specific, scenario-based risk scales designed for emergency response training. Emer-
gency scenarios are used as scale points, reducing our dependence on known probabilities;
these are drawn from the targeted emergency context, reducing the mental resources required
to interpret the scale. The scale is developed by asking trainers/trainees to rank order a range
of risk scenarios and then aggregating these orderings using a Kemeny ranking. We propose
measures to assess this aggregated scale’s internal consistency, reliability, and validity, and
we discuss how to use the scale effectively. We demonstrate our process by developing a risk
scale for subsurface coal mine emergencies and test the reliability of the scale by repeating
the process, with some methodological variations, several months later.
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1. INTRODUCTION

Six months after the Sago Mine disaster, the
Mine Improvement and New Emergency Response
Act of 2006 was signed into law to improve mine
emergency response. One consequence of the act
was the rapid development of refuge alternatives—
temporary shelters located inside the mine for when
escape is infeasible. As successfully escaping the
mine is safer than remaining in these shelters, refuge
alternatives are described to miners as being a “last
resort.” Anecdotal evidence from mine safety re-
searchers suggests that when asked about refuge al-
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ternatives, many miners do not initially view them
as alternatives at all, claiming that they would never
use them under any circumstance. Only after being
pressed further do some of the miners change their
minds, acknowledging that refuge alternatives may
be appropriate under certain conditions.

Ambivalence regarding the use of refuge alter-
natives could be explained by the imprecise guidance
provided on when they should be used. Training ma-
terials are specific on when not to use refuge alterna-
tives, (e.g., “Smoke should never prevent escape”),
but vague on when to use them (e.g., “Only as a last
resort”).(1,2) Clearer communications might promote
more stable and consistent views on refuge alterna-
tive use, better coordination among mining crews,
clearer expectations for rescue operators, and more
appropriate use of refuge alternatives. A mine emer-
gency risk scale, if developed, could be used as part
of the communication of when refuge alternatives
should be considered. Given the stressful conditions

1 0272-4332/12/0100-0001$22.00/1 C© 2012 Society for Risk Analysis



2 Yu, Lejarraga, and Gonzalez

under which it would be needed, the scale should
be easy to interpret, adaptable to dynamic and novel
risks, and consistently interpreted by miners.

The focus of this article is to present a method-
ology to create context-specific, scenario-based risk
scales for emergency response training through the
rankings of emergency scenarios aggregated from a
sample of the target training population. We describe
how to develop the scale, propose measures to eval-
uate it, and consider how to use it effectively. As an
example of this process, we describe two surveys con-
ducted with employees from the National Institute
for Occupational Safety and Health (NIOSH) and
subsurface coal mine inspectors, used to develop the
methodology and identify potential improvements.

2. EMERGENCY RESPONSE AND RISK
SCALES

Effective emergency decision-making demands
that the decision maker identify the type of environ-
ment he or she is in and then take the appropriate re-
sponse. However, the nature of emergencies makes
these decisions difficult, with a constantly changing
environment and limited time to make decisions.
Errors in behavior could arise from inaccurate assess-
ments of the environment or inappropriately trained
responses. Under a signal detection theory frame-
work, these can be attributed to low sensitivity and
an inappropriate response bias, respectively.

Most current research on risk scales focuses
on how to communicate accurate probability esti-
mates of static risks for deliberative decision making,
e.g., in medical informed consent,(3,4) nuclear waste
management,(5) or electromagnetic radiation.(6) Such
scales do not meet the needs of emergency response
in at least two ways. First, accurate probability
estimates posed by an emergency are often unavail-
able, making the development of such scales infeasi-
ble. Second, these scales assume that decision makers
have the resources to translate the risk they are fac-
ing onto some other measure of risk, such as a nu-
meric probability scale or common everyday risks.
This translation may introduce noise in the assess-
ment, which is exacerbated by limited time and men-
tal resources. In turn, this may lead to greater errors
in risk assessments.

Of the existing risk scales, probability-based risk
scales are often used as they are easy to analyze
quantitatively. However, people have been shown to
interpret and produce numeric probabilities inconsis-
tently; often due to heuristics, such as anchoring(7) or

emotions,(8) and due to individual differences.(9) Fre-
quency estimates have been proposed as more intu-
itive,(10−12) but further research suggests this is not
always the case.(13,14) To reduce issues in interpre-
tation, some researchers advocate providing familiar
risks along with numeric risk scales; for example, cal-
ibrating household radon risks to smoking a certain
number of cigarettes each day.(15) Although familiar
risks can reduce interpretation concerns, this presen-
tation has been criticized based on the differing na-
tures of the various risks involved.(16) For example,
smoking is voluntary, costly to consume, but provides
pleasure to the smoker; whereas radon is involuntary,
costly to remediate, and provides no benefit to the
homeowner.

2.1. Context-Specific, Scenario-Based Risk Scale

For emergency response training, developing a
risk scale using scenarios drawn from the emergency
context may be more effective than using unrelated
but familiar risks. First, this allows the scale to be
developed without reference to known probabilities.
Second, this may reduce the mental resources re-
quired to locate an actual risk on the scale by reduc-
ing contextual differences. To this end, we propose a
context-specific, scenario-based risk scale developed
by aggregating the same risks rank ordered indepen-
dently by the people who will need to use the scale.
A summary of the scale development process is pro-
vided in Fig. 1 and described in further detail below.

2.1.1. Developing the Scale

The first step to developing the scale is to define
its purpose. This provides guidance on the types of
scenarios to include. For example, as our task was
focused on developing a scale to train emergency re-
sponse for underground coal miners, we designed our
scenarios to address immediate risks (structural col-
lapse, explosions) rather than progressive risks (ex-
posure to coal dust).

The next step is to define the endpoints and pre-
cision of the scale. Scale endpoints should cover the
range of risks that the target population would face.
In our case, we used scenarios that we expected to
be clearly benign (stubbed toe) to clearly dangerous
(explosion toward the mine exit). For scale precision,
we included more scenarios where the right emer-
gency response was uncertain and fewer where the
response seemed evident.
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Development Validation Tests
Define purpose
Determine scale end-points and scale precision
Develop emergency risk scenarios for scale
Survey target population for scale rank-ordering
Aggregate the scale

Internal consistency (Kendall’s W, Pairwise 
Agreement)
Scale Reliability (Kendall’s tau)
Scale Validity (Kendall’s tau)

Fig. 1. Scale development process.

Finally, a sample from the target population is
asked to rank order the scenarios by level of risk.
Then, the rank orderings are aggregated into a sin-
gle risk scale. We propose using the Kemeny–Young
method, described later, to aggregate the scales for
two reasons. First, the Kemeny–Young method can
be interpreted as estimating a “true” rank ordering
based on individual samples with noise.(17) This in-
terpretation is consistent if we believe that our train-
ing population is able to judge the relative risk of our
scenarios, even when these judgments are potentially
imperfect. Second, the Kemeny ranking is easy to ex-
plain as maximizing the number of people who would
agree with the rank ordering of any two risks selected
at random from the aggregate scale. A simple inter-
pretation may be important in building credibility if
the process needs to be communicated to or agreed
upon by scale users.

Deriving the Kemeny ranking is simple though
computationally intensive. First, determine all pos-
sible rank orderings. For each rank ordering, iden-
tify all possible pairs of scenarios and calculate the
percentage of respondents who agree with the rank
ordering of each pair. Average the pairwise agree-
ment for each rank ordering. Finally, select the rank

ordering with the highest average pairwise agree-
ment. A pairwise agreement matrix (see Fig. 3 for
example), which is a table of the risk scenarios in-
cluded as both column and row headings and the
sample agreement to their rank orderings provided
as cell values, can be used to manually identify the
Kemeny ranking without processing through all pos-
sible rank orderings. The researcher would simply
rearrange the rows and columns, making sure that
the row and column labels are symmetric, to maxi-
mize the percentages in the upper right diagonal of
the matrix. For more details on the methodology,
we recommend Young’s work(17) and for a compar-
ison with alternate models, we recommend the sum-
mary of vote-counting processes provided by Levin
and Nalebuff.(18)

2.1.2. Validating the Scale

After developing the aggregated risk scale, we
validate it in several ways. First, we evaluate in-
ternal consistency, which we separate into (1) how
well respondents agree with each other and (2) how
well respondents agree with the aggregated scale.

Fig. 2. Response alternative formats.
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1. Hurt foot 72% 83% 78% 94% 100% 100% 100% 100% 100% 100% 100%
2. Temporary haze 28% 56% 61% 83% 78% 78% 100% 94% 100% 100% 100%
3. Break in ventilation 17% 44% 56% 72% 78% 94% 100% 94% 89% 83% 94%
4. Burnt-rubber smell 22% 39% 44% 78% 78% 78% 100% 94% 100% 100% 100%
5. Roof fall along the face 6% 17% 28% 22% 56% 56% 50% 83% 89% 83% 100%

6-7. Roof fall outby 0% 22% 22% 22% 44% 50% 56% 83% 89% 89% 100%
6-7. Reverse in ventilation 0% 22% 6% 22% 44% 50% 67% 78% 78% 78% 89%
8. Stop in ventilation 0% 0% 0% 0% 50% 44% 33% 61% 72% 72% 78%
9. Elevated level of methane 0% 6% 6% 6% 17% 17% 22% 39% 78% 78% 78%
10. Smoke outby 0% 0% 11% 0% 11% 11% 22% 28% 22% 78% 83%
11. Explosion and hurt shin 0% 0% 17% 0% 17% 11% 22% 28% 22% 22% 56%
12. Explosion outby 0% 0% 6% 0% 0% 0% 11% 22% 22% 17% 44%  
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Explosion 
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broken leg
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methane
1. Hurt foot 61% 71% 79% 84% 79% 77% 82% 82% 82% 93% 89% 91% 89% 89%
2. Break in ventilation 39% 66% 70% 63% 68% 73% 79% 86% 80% 88% 91% 88% 89% 84%
3. Burnt-rubber smell 29% 34% 59% 54% 59% 71% 68% 77% 70% 86% 86% 89% 91% 91%
4. Roof fall along the face 21% 30% 41% 52% 52% 57% 64% 61% 59% 77% 82% 86% 86% 88%
5. Roof fall outby 16% 38% 46% 48% 52% 59% 63% 75% 73% 86% 86% 91% 91% 91%
6. Pillar squeezing 21% 32% 41% 48% 48% 55% 61% 64% 68% 84% 80% 84% 91% 89%
7. Reverse in ventilation 23% 27% 29% 43% 41% 45% 61% 55% 64% 80% 84% 89% 86% 89%
8. Mantrip derailing and fire 18% 21% 32% 36% 38% 39% 39% 61% 61% 77% 80% 86% 88% 88%
9. Stop in ventilation 18% 14% 23% 39% 25% 36% 45% 39% 63% 77% 82% 82% 88% 84%
10. Elevated level of methane 18% 20% 30% 41% 27% 32% 36% 39% 38% 79% 82% 88% 86% 88%
11. Smoke outby 7% 13% 14% 23% 14% 16% 20% 23% 23% 21% 59% 70% 68% 79%
12. Explosion and hurt shin 11% 9% 14% 18% 14% 20% 16% 20% 18% 18% 41% 63% 79% 68%
13. Explosion outby 9% 13% 11% 14% 9% 16% 11% 14% 18% 13% 30% 38% 54% 73%
14. Explosion and broken leg 11% 11% 9% 14% 9% 9% 14% 13% 13% 14% 32% 21% 46% 63%
15. Explosion and methane 11% 16% 9% 13% 9% 11% 11% 13% 16% 13% 21% 32% 27% 38%  

Fig. 3. Pairwise agreement matrices. Top: NIOSH employees; Bottom: Mine inspectors.

Respondent agreement with each other can be mea-
sured using Kendall’s W, a nonparametric measure
of agreement in rank orderings that ranges from 0
(no pattern) to 1 (perfect agreement) and is inter-
preted similarly to an average correlation coefficient.
To our knowledge, there is no standardized measure
of individual agreement to an aggregate scale, so we
propose the average pairwise agreement. For a Ke-
meny ranking, this ranges from 50% (no pattern) to
100% (perfect agreement). There are two cautions
in interpreting these measures. First, both are sensi-
tive to the scenarios chosen, such that the more simi-
lar the risk of the scenarios included in the scale, the
more likely a disagreement in their rankings would
occur. Including scenarios of similar risk thus low-
ers our measures of internal consistency, yet offers
greater precision and understanding of the popula-
tion’s perception of the risks. As such, lower values
do not necessarily represent a low-quality scale. Sec-
ond, scale-level measures may obscure important dis-
agreements or uncertainty about the risk rankings
of specific scenario pairs. Thus, the full pairwise
agreement matrix is still necessary to comprehen-
sively evaluate internal consistency.

Scale reliability provides us with a measure
of how consistently the scale is interpreted across
groups, such as different subsets of the popula-
tion or the same population over time. We pro-
pose Kendall’s tau, a nonparametric measure used
to assess agreement in two rank orderings, and
Kendall’s tau-b, which provides a similar mea-
sure accounting for ties. Kendall’s tau and tau-b
range from –1 (perfect disagreement) to 1 (perfect
agreement).

Scale validity provides us a measure of whether
our scale is actually measuring what we believe it
is measuring, and can be evaluated by comparing
the developed scale with another rank ordering of
the same scenarios by risk. Ideally, if quantitative
risk estimates are available, we can compare the
quantitative rank-ordering of the scenarios with our
aggregated rank orderings using Kendall’s tau/tau-
b. Where the quantitative estimates do not exist,
we look to compare how our aggregated rank or-
derings align with an alternate method to order
the scenarios. In our case, we use reported emer-
gency response behavior as a second proxy for
risk.
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3. MINE EMERGENCY RISK SCALE,
SURVEY 1

To evaluate the proposed methodology, we
worked with NIOSH to develop a scenario-based risk
scale for use in training emergency mine response.
In consultation with NIOSH, 12 scenarios were orig-
inally developed and piloted with NIOSH employ-
ees. After the pilot study, one scenario was removed
and four scenarios were added to improve precision
around risks and risk levels that were of greater in-
terest in mine safety communication. In addition, as
part of our collaboration with NIOSH, a secondary
study was included in the scale-development sur-
vey, which asked how the introduction and presen-
tation of refuge alternatives might affect emergency
response decisions. We discuss the secondary study
later, as data from the study are used as part of our
validation of the scenario-based risk scale and as the
study provides an example of how the scale may be
used.

3.1. Methodology

3.1.1. Participants

Eighteen NIOSH employees volunteered to
pilot the initial survey and provided feedback.
Employee backgrounds included mine safety re-
searchers, mining engineers, computer engineers,
and behavioral scientists. Respondents had worked
an average of 7.1 years (SD = 10.4) in the mining
industry, of which four respondents reported years
worked inside a mine (M = 5.3, SD = 3.3). Average
age of respondents was 38.7 years (SD = 11.3), and
38.8% of respondents were female.

Sixty-two mine inspectors were asked to com-
plete the revised survey. Based on demographic re-
sponses, one participant who reported being born in
1900 and reported no experience working in the min-
ing industry was dropped from analysis. Of the re-
maining 61 mine inspectors, respondents worked an
average of 29.6 years (SD = 9.7) in the mining indus-
try and all reported some years of working inside a
mine (M = 25.5, SD = 10.5). Average age of respon-
dents was 50.9 years (SD = 8.67), and none of the
respondents were female.

3.1.2. Materials

Respondents completed a survey that was ad-
ministered online. The survey asked respondents
how they would respond to a given mine emer-

gency scenario, to rank order the scenarios, and
then to provide demographic information about
themselves.

The survey was introduced with the following
text:

On the following page, you will be presented with sev-
eral scenarios that involve some level of risk. We ask
that you consider these scenarios as if you were an un-
derground coal miner.

Imagine that you just started a shift and are currently at
the mine face, approximately 40 crosscuts inby the en-
trance. A refuge alternative is located 10 crosscuts outby
your position. Please take a moment to picture yourself
in this situation.

Now, read the following scenarios and tell us which ac-
tion you feel would be most appropriate. While real-
world scenarios may be more complex, we ask you to
provide the best answer given the question.

Respondents were then presented with differ-
ent mine risk scenarios in randomized order and
were asked to indicate how they would respond
given a set of two to three response alternatives in-
cluding: “Continue working/Wait for more informa-
tion,” “Attempt to exit mine,” and “Attempt to enter
refuge alternative.” The response alternatives were
presented in three different formats, with each par-
ticipant viewing only one format. In the 2-Flat (2F)
format, only the options to continue work or exit
the mine were presented. In the 3-Flat (3F) format,
all three response alternatives were presented in the
same manner. In the 3-Collapsed (3C) format, all op-
tions were presented, however the options to exit the
mine or enter the refuge alternative appeared un-
der the “Take Safety Precaution” subheading and the
continue work option appeared under the “Continue
Work” subheading. The three presentation formats
are depicted in Fig. 2.

The mine risk scenarios presented to respon-
dents are included in Table I. After indicating how
they would respond to each of the scenarios, respon-
dents were presented with the full list of scenarios
in a randomized order and asked to rank order the
scenarios from “most risky” to “least risky” using a
drag-and-drop interface.

3.1.3. Design

Given slightly different scenarios, a separate risk
scale was developed for NIOSH and the mine in-
spectors. Internal consistency and validity measures
were calculated for each scale, whereas reliability
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Table I. Mine Risk Scenarios

Risk Scenarios NIOSH Mine Inspectors

Hurt foot. As you were working, you took an incorrect step and hurt your foot. There is a sharp,
minor pain that quickly subsides. You are able to walk and move without issue.

X X

Temporary haze. As you are working you notice that it seems a bit harder to see, and you notice
large dark particles drifting in the air. As you continue working, these particles seem to dissipate.

X

Break in ventilation. While working you notice the air quantity in your entry has dropped
significantly. After a minute, you notice that ventilation is restored.

X X

Burnt-rubber smell. As you work, you smell something that reminds you of burnt rubber. As you
continue working, the smell seems to go away.

X X

Roof fall along the face. You hear a loud disturbance coming from a location further down the mine
face. A call from miners mine in that location indicates that an area of roof near them has
collapsed and weakened the adjoining roof.

X X

Pillar squeezing. You notice three pillars in the area adjacent to you showing signs that they are
beginning to crush from the roof load. You know from the mine maps that this area trends toward
deeper cover.

X

Roof fall outby. You hear a loud disturbance coming from outby. A call from miners who were just
entering the mine indicates that they believe an area of roof has collapsed and weakened the
adjoining roof.

X X

Reverse in ventilation. While working you notice that the air in your entry has changed direction. X X
Mantrip derailing and fire. Soon after you arrive, you hear a loud disturbance outby. A call from

miners in the area indicates that the mantrip derailed on its way back up, damaging the track and
causing an electrical fire. The miners in the area believe that they have the fire under control.

X

Stop in ventilation. While working you notice the air quantity in your entry has dropped significantly.
After 10 minutes, you find that ventilation has still not been restored.

X X

Elevated level of methane. When methane levels in your area reached 1% you made changes to the
local ventilation to try and correct the problem. Methane levels have reached 1.3% and are still
climbing.

X X

Smoke outby. You notice heavy dark smoke coming up the entry you are in from the outby
direction. You are not aware of any activities going on in the mine that could cause the smoke,
and, as time passes, the smoke appears to get thicker.

X X

Explosion and hurt shin. There was an explosion in the mine coming several crosscuts away. The
explosion dislodged some loose rock, which fell and gashed you in the right shin. You are bleeding
fairly steadily and, while you can walk, you can only do so with significant pain and with about
three times as much effort as you normally can.

X X

Explosion outby. You hear a loud explosion fairly close to your position, outby. You immediately
feel an increase in temperature. A call indicates that the team working several crosscuts away
from yours reported heavy smoke outby of their position.

X X

Explosion and broken leg. There was an explosion in the mine coming several crosscuts away. The
explosion dislodged some loose rock, which broke a bone in your lower leg—preventing you from
putting any pressure on that leg. You notice heavy smoke coming from the direction of the
explosion.

X

Explosion and methane. You hear an explosion coming from outby. Soon after, you receive a call
from the miners who were working in the area explaining that the explosion damaged the
ventilation controls and that methane levels had jumped to over 7% and were climbing when they
had evacuated.

X

Note: X’s indicate that the corresponding risk was included in the survey to NIOSH and mine inspectors, respectively.

measures compared both scales using only the sce-
narios that were common in both.

To test for effects in response presentation for
the secondary study, respondents were randomly as-
signed to the different response alternative formats
(“3F,” “2F,” “3C”) in a 3-group design. For each re-
spondent, the same format was used across all emer-
gency risk scenarios.

3.1.4. Procedures

The survey was administered to all samples on-
line. For the initial pilot NIOSH data, the sur-
vey was sent to NIOSH and was disseminated
through an e-mail to potential volunteers in Novem-
ber and December, 2010. For the mine inspectors,
the revised survey was delivered through NIOSH
and administered during a Mine Safety and Health
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Table II. Survey 1 Rank Orderings

Survey 1
NIOSH
(n = 18)

Survey 1
Inspectors
(n = 56)

Hurt foot 1 1
Temporary haze 2 –
Break in ventilation 3 3
Burnt-rubber smell 4 4
Roof fall along the face 5 5
Pillar squeezing – 6
Roof fall outby 6–7 7
Reverse in ventilation 8
Mantrip fire – 9
Stop in ventilation 8 10
Elevated level of

methane
9 11

Smoke outby 10 12
Explosion and hurt shin 11 13
Explosion outby 12 14
Explosion and broken

leg
– 15

Explosion and elevated
methane

– 16

Kendall’s W 0.66 0.43
Average pairwise

agreement
82.9% 76.1%

Administration (MSHA) training that occurred from
January through March, 2011.

3.2. Results

3.2.1. Kemeny Ranking

The Kemeny ranking for the different pools of
respondents are included in Table II. As the rank
ordering was optional in the survey, rank orderings
were provided by all 18 NIOSH employees, but only
56 of the 61 mine inspectors.

In reviewing the respondent’s answers, several
mine inspectors appear to have provided rank order-
ings in the opposite direction of most respondents.
For example, six participants (10.5%) were identified
as having ranked “hurt foot” as being more risky than
“explosion and elevated methane.” Our analysis be-
low includes these responses as reported.

3.2.2. Internal Consistency

We measured agreement between respondents
using Kendall’s W. For NIOSH employees, we found
a moderate-high Kendall’s W of 0.66 (p < 0.001); for
the inspectors, we find a moderate W of 0.43 (p <

0.001).

We tested for agreement between respondents
and the aggregated risk scale using average pair-
wise agreement. Average pairwise agreement for
each scale was generally higher among NIOSH em-
ployees at 82.9% compared to the mine inspectors
at 76.1%. The pairwise agreement matrix for each
sample is provided in Fig. 3, with each cell inter-
preted as the percentage of respondents ranking
the scenario in the row as less risky than the sce-
nario in the column. In general, there was greater
consensus in the rank ordering of scenarios with
larger aggregate rank differences than those with
smaller rank differences. Consensus in the pairwise
agreement matrix is indicated by values close to
0% or 100%.

3.2.3. Scale Reliability

We tested the reliability of the scale rank by
comparing the two aggregate rank orderings using
Kendall’s tau-b. The two scales showed a high associ-
ation, τB = 0.991. To test for significance, we used the
methodology indicated by Noether,(19) finding that
the association was significant, zB = 4.22, p < 0.001.

3.2.4. Scale Validity

We tested the scale’s validity by comparing the
scale to the reported response to the scenarios. As
the option to “Continue Working” appeared across
all treatment conditions, we used the proportion of
participants choosing to continue work as a measure
of how safe (nonrisky) each scenario was. Kendall’s
tau-b was fairly high for both the NIOSH employees,
τB = 0.83 (zB = 3.68, p < 0.001), and the mine in-
spectors, τB = 0.80 (zB = 4.09, p < 0.001). The rela-
tionship is diagrammed in Fig. 4, with the percentage
of participants choosing to continue working repre-
sented on the vertical axis and the scenarios on the
horizontal axis, ranked in increasing order according
to all responses. As scenarios became more risky to-
ward the right end of the horizontal axis, the propor-
tion of NIOSH employees and miners that decided
to continue working went to zero.

3.2.5. Response Presentation Comparisons

We tested for differences in responses as a func-
tion of response presentations only for mine inspec-
tors, as the NIOSH sample was very small. The per-
centage of respondents choosing to continue work
was used as the main dependent measure, as it was
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Fig. 4. Percent respondents choosing to
continue work by scenario.

shared across all treatments, and was interpreted as
the most risky response to take.

We used a nonparametric bootstrap to test for
differences in two ways. First, we estimated the per-
centage of times that the maximum observed differ-
ence in the decision to continue working between
treatments across all risk scenarios was greater than
the maximum observed difference in our bootstrap
sample in an approach similar to the Kolmogorov–
Smirnov test. We created a bootstrap sample by ran-
domly resampling our participant responses, with re-
placement, from all three treatments into new groups
identical in size to our original treatment groups (3F:
n = 23; C: n = 20; 2F: n = 19). Then, we identified
the maximum difference for a risk scenario across
all scenarios in the sample. Repeating this process
10,000 times, we estimated a distribution of maxi-
mum differences. The observed maximum difference
was in “Stop in ventilation” between the 2F and 3F
treatments, with a difference of 29.1%. By examining
the percent of times our bootstrap distribution ex-
ceeded this observed value, we estimate p = 59.4, a
nonsignificant difference. A diagram of emergency
response is provided in Fig. 5, including reported re-
sponses for exiting the mine and seeking a refuge‘ al-
ternative.

Next, we compared the maximum difference
in the percentage of respondents who chose to
continue working across treatments for each risk
scenario against the distribution derived from our
bootstrap sample, in an approach similar to running
a separate significance test for each scenario. The

bootstrap and p-values were calculated, as described
earlier, and we find that all scenario comparisons are
nonsignificant, except for “Stop in ventilation” with
p = 0.10. Given no adjustment for multiple compar-
isons in the second analysis, the significance level for
this scenario may be overstated.

3.3. Discussion

3.3.1. Scale Validation Implications

Kendall’s W was moderately high for both
NIOSH employees and mine inspectors, suggesting
fair agreement across individuals and with the ag-
gregated scale. Nonetheless, we should consider rea-
sons for why they were not higher. First, respondents
may have interpreted the term “risk” differently—
as it was not specified in the survey. For example,
risk may be interpreted as including any combina-
tion of fatality or injury. Participants might also in-
clude nonhealth effects in their interpretation of risk,
such as dread or unfamiliarity.(20) Kendall’s W being
higher for NIOSH employees than for the mine in-
spectors suggests that safety researchers view risks
more consistently, potentially as a result of a more
academic and formalized view of risk. Second, the
scenarios may have been worded unclearly, leading
to unintended and inconsistent interpretations. Fi-
nally, the respondents may have genuinely differ-
ing opinions on how the risks rank. Unfortunately,
given limited access to the mine inspectors, we were
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Fig. 5. Emergency response by response
presentation and risk scenario.

unable to gather more information about these pos-
sible causes.

We did not expect the Kendall’s tau-b between
the two aggregate rank orderings to be as high as
it was, given the two different populations respond-
ing to the survey. This high association is encour-
aging, because it suggests that the developed scale
can be commonly understood across mine safety of-
ficials and miners. The one set of scenarios that are
rank ordered differently—a tie for NIOSH employ-
ees between “Roof fall outby” and “Stop in venti-
lation,” but not for the mine inspectors—might be
explained as a result of the small sample of NIOSH
employees or due to true differences in perceived
rank orderings. If the latter is true, follow-up inter-
views between NIOSH and the mine inspectors may
determine the reasons for these differences, e.g., dif-
ferences in knowledge, and to build consensus.

3.3.2. Scale Applications

If the risk scale is considered reasonable, the next
step would be to apply the scale appropriately for its
intended purpose. We suggest three ways this may be
done.

In certain cases, the whole scale does not need
to be communicated to the target audience. For ex-
ample, to communicate a precise risk level under
which specific emergency responses should be taken,
it may be more effective to communicate only those

scenarios at that risk threshold. The pairwise agree-
ment matrix can provide information on the effec-
tiveness of such a threshold, giving indications as to
the types of risks that are more likely to be confused
as falling above or below the threshold and the prob-
ability of such confusion. Providing a few similarly
risky scenarios could reduce this confusion further.

In other cases, researchers or trainers may wish
to communicate distinct, but not precise risk lev-
els, for example, to describe a case under which an
emergency response behavior should be evidently
appropriate. In these cases, risk scenarios should be
selected far from the risk thresholds and the pairwise
agreement matrix can be used to determine which
risks are viewed as clearly distinct.

Finally, the whole risk scale may be used in cases
where general patterns of behavior need to be as-
sessed. This is more likely to be used among re-
searchers, such as in examining whether the effects of
a policy affect behavior overall or if researchers are
uncertain as to where such effects would occur. Our
secondary study on how the impact of emergency
response presentation on behavior is an example of
such a case.

3.3.3. Response Presentation

Given the relatively recent introduction of
refuge alternatives to mine emergency response,
we wanted to test if the introduction of refuge
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alternatives and the manner in which they were pre-
sented could impact how miners respond to emer-
gency scenarios. Behavior could become riskier,
due to moral hazard,(21) if the refuge alternative
was seen as a “fall-back” that allowed them to con-
tinue under conditions in which they would have oth-
erwise attempted to exit. Miners could also be less
risky due to the compromise effect,(22) as exiting the
mine now seems like an objectively less extreme re-
sponse. Similarly, as exiting the mine appears in the
center of the response scale, they may interpret it as
a more normatively appropriate response.(23)

Our results suggest either that these effects do
not have a significant impact or that they interact
in such a way as to negate each other’s influence.
Including refuge alternatives directionally results in
less risky behavior, with a presentation on equal foot-
ing resulting in the least risky behavior. Given non-
significant differences, it is difficult to provide strong
recommendations, although, in actual practice, some
communication must be made. As refuge alternatives
exist, either the 3F or 3C presentation should be used
based on which presentation results in the pattern
most similar to desired behavior.

4. MINE EMERGENCY RISK SCALE,
SURVEY 2

To test some methodological improvements, a
second survey was run using a new group of mine
inspectors completing their MSHA training. The im-
provements were focused on reducing the need for
follow-up interviews by gathering feedback as part
of the survey itself; providing a clearer definition
of “risk” for the rank ordering; and implementing
checks to ensure that participants had read the rank
ordering instructions correctly. As with the initial
survey, a secondary study was included—this time to
test whether the respondent’s perceived role on the
crew, as a member of the crew or as the crew fore-
man, would impact the emergency response alterna-
tives they select.

4.1. Methodology

4.1.1. Participants

Forty-seven mine inspectors were asked to com-
plete the second survey. Respondents worked an av-
erage of 30.0 years (SD = 12.6) in the mining industry
and 25.9 years (SD = 13.0) inside a mine. Average

age of respondents was 52.9 years (SD = 10.1), and
none of the respondents were female.

4.1.2. Materials

Most of the survey materials were identical to the
first survey, with some targeted modifications. Two
versions of the introduction were created, asking the
respondent to answer the question either as “a crew
member” or as “the crew foreman,” and are pre-
sented below:

On the following page, you will be presented with sev-
eral scenarios that involve some risk of fatality. We ask
that you consider these scenarios as if you were [a mem-
ber/the foreman] of a crew of underground coal miners.

Imagine that your crew just started a shift and are cur-
rently at the mine face, approximately 40 crosscuts inby
the entrance. A refuge alternative is located 10 crosscuts
outby your position. Please take a moment to picture
yourself in this situation.

On the next page are scenarios and several actions that
you could recommend to your crew. Taking the role of
[a crew member/the crew foreman], indicate which ac-
tion you would recommend. If you would recommend
doing something not listed, please select the best answer
from the options provided then clarify your response or
note what other action you would take in the comments
section for that scenario.

Please keep in mind that each scenario should be con-
sidered separately.

Respondents were then presented with the same
mine risk scenarios in a randomized order and asked
how they would respond. Responses were solicited
using the 3F format from the first survey, modified
with an option to comment on the response, as illus-
trated in Fig. 6.

Respondents were required to rank order the
scenarios using the same drag-and-drop interface;
however, the wording for risk was revised to read
“most likely to result in a fatality” to “least likely
to result in a fatality.” After the rank ordering, par-
ticipants were provided with the scenario that they
ranked as most likely and least likely to result in a fa-
tality with the following question: “To check that we
recorded your answers accurately, could you confirm
that you ranked the scenario <most likely> as more
likely to result in a fatality than <least likely>?” The
participant then had the option of answering “Yes”
and continuing the survey; answering “No, the rank-
ing is reversed” indicating that their rank ordering
should be reversed for analysis; or going back to the
rank ordering and revising the order.
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Fig. 6. Response format, Survey 2.

Starting from lowest to highest rank ordered risk,
the survey identified the first instance in which the
respondent chose to continue working in the less
risky scenario but exit the mine in the more risky
scenario. The respondent was then prompted to an-
swer the following: “You ranked the scenario <less
likely> next to the scenario <more likely>. How-
ever, you answered that you would respond to these
risks differently. // Why did you decide to continue
working for <less likely> but attempt to escape the
mine for <more likely>?” The survey presented a
similar question for exiting the mine and attempting
to enter the refuge alternative. Finally, the survey
asked the respondent what factors they would con-
sider before taking each behavioral response, as fol-
lows: “In general, what factors do you feel would in-
fluence a miner to [continue working/attempt to exit
the mine/attempt to enter a refuge chamber]?”

4.1.3. Design

An aggregate risk scale was developed based on
the mine inspector responses, with internal consis-
tency and validity measures calculated for the scale.
Reliability measures were calculated between the
current survey and the first survey.

For the secondary study, respondents were ran-
domly assigned to the different roles (“crew mem-
ber,” “crew foreman”) in a two-group design.

4.1.4. Procedures

The survey was administered online to the mine
inspectors during MSHA training in July, 2011.

4.2. Results

4.2.1. Kemeny Ranking

The Kemeny ranking of all 47 respondents are
included in Table III. Three respondents (6.4%) in-
dicated that they had reverse ranked the scenarios.
After correcting those respondents’ rank orderings,

no respondent were identified to have ranked “hurt
foot” as more likely to result in a fatality than “ex-
plosion and elevated methane.”

4.2.2. Internal Consistency

We found a moderate-high Kendall’s W of 0.58
(p < 0.001) and an average pairwise agreement of
79.6%. The pairwise agreement matrix for each sam-
ple is provided in Fig. 7. In general, there is greater
consensus in the rank ordering of scenarios with
larger rank differences in risk than those with smaller
rank differences.

4.2.3. Scale Reliability

We test the reliability of the scale by comparing
the rank orderings to the first survey, using Kendall’s
tau. The two scales show a high association, τ = 0.867
(zB = 4.50, p < 0.001).

Table III. Survey 2 Rank Orderings

Survey 2 Inspectors (n = 47)

Hurt foot 1
Break in ventilation 2
Burnt-rubber smell 3
Pillar Squeezing 4
Roof fall outby 5
Stop in ventilation 6
Reverse in ventilation 7
Roof fall along the face 8
Mantrip fire 9
Elevated level of methane 10
Smoke outby 11
Explosion and hurt shin 12
Explosion and broken leg 13
Explosion outby 14
Explosion and elevated methane 15
Kendall’s W 0.58
Average pairwise agreement 79.6%
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Hurt foot
Break in 

ventilation

Burnt-
rubber 
smell

Pillar 
squeezing

Roof fall 
outby

Stop in 
ventilation

Reverse in 
ventilation

Roof fall 
along the 

face

Mantrip 
derailing 
and fire

Elevated 
level of 
methane

Smoke 
outby

Explosion 
and hurt 

shin

Explosion 
and 

broken leg

Explosion 
outby

Explosion 
and 

methane
1. Hurt foot 70% 83% 87% 83% 87% 89% 83% 91% 85% 96% 96% 96% 98% 100%
2. Break in ventilation 30% 66% 72% 74% 79% 79% 83% 79% 83% 87% 94% 96% 96% 98%
3. Burnt-rubber smell 17% 34% 60% 60% 49% 49% 68% 74% 70% 96% 91% 94% 98% 98%
4. Pillar squeezing 13% 28% 40% 55% 49% 53% 60% 62% 68% 91% 89% 94% 94% 100%
5. Roof fall outby 17% 26% 40% 45% 53% 60% 55% 57% 62% 94% 91% 94% 96% 98%
6. Stop in ventilation 13% 21% 51% 51% 47% 55% 62% 60% 68% 87% 83% 89% 98% 98%
7. Reverse in ventilation 11% 21% 51% 47% 40% 45% 53% 57% 60% 83% 87% 89% 96% 96%
8. Roof fall along the face 17% 17% 32% 40% 45% 38% 47% 51% 55% 87% 85% 91% 91% 98%
9. Mantrip derailing and fire 9% 21% 26% 38% 43% 40% 43% 49% 49% 89% 83% 87% 94% 98%
10. Elevated level of methane 15% 17% 30% 32% 38% 32% 40% 45% 51% 77% 72% 85% 89% 94%
11. Smoke outby 4% 13% 4% 9% 6% 13% 17% 13% 11% 23% 57% 62% 81% 91%
12. Explosion and hurt shin 4% 6% 9% 11% 9% 17% 13% 15% 17% 28% 43% 81% 70% 91%
13. Explosion and broken leg 4% 4% 6% 6% 6% 11% 11% 9% 13% 15% 38% 19% 55% 85%
14. Explosion outby 2% 4% 2% 6% 4% 2% 4% 9% 6% 11% 19% 30% 45% 79%
15. Explosion and methane 0% 2% 2% 0% 2% 2% 4% 2% 2% 6% 9% 9% 15% 21%  

Fig. 7. Pairwise agreement matrix by scenario, survey.

4.2.4. Scale Validity

We test the validity by comparing the scale to the
proportion of participants choosing to continue work
for each scenario. Kendall’s tau-b was moderate-to-
high, τB = 0.75 (zB = 3.83, p < 0.001). The relation-
ship is diagrammed in Fig. 8.

4.2.5. Differences in Response by Role

We tested for any effects of role on reported re-
sponse to the different risk scenarios using the boot-
strap methodologies described earlier. Testing the
maximum difference in decision to continue working
across all scenarios, we find no significant differences

(p = 0.24). Testing each scenario separately, we find
that no difference is significant except for “Roof fall
outby,” which differs by 35.6% (p = 0.05). These re-
sults are diagrammed in Fig. 9.

4.3. Discussion

4.3.1. Rank Order Confirmation

As the percent of respondents who indicated that
they reverse ranked their questions closely matched
the estimated number of reverse ranked questions
from the first survey, it seems reasonable to assume
that at least some of those rankings from the first sur-
vey were unintentionally reverse ranked. The rank

Fig. 8. Emergency response by response
presentation and risk scenario.
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Fig. 9. Emergency response by role,
Survey 2.

order confirmation question seems to eliminate the
incidence of such errors and is recommended in fu-
ture surveys.

4.3.2. Scale Reliability

Although the Kendall’s tau measure of associ-
ation between the first and second survey is fairly
high, there are differences in the rank ordering be-
tween the first and second survey. A closer inspection
reveals that the more substantial changes, i.e., non-
consecutive rank order shifts, are accounted for by
two risks in particular: “Stop in ventilation,” which
is considered substantially less risky/less likely to re-
sult in a fatality; and “Roof fall along the face,” which
is considered substantially more risky/more likely to
result in a fatality. It is possible that the changes in
rank ordering reflect underlying noise that challenges
the reliability of this methodology; however, the high
Kendall’s W for both studies suggest this possibil-
ity is unlikely. Mine inspector’s opinions could have
changed in the intervening time period; however, this
too seems unlikely given the similar reported emer-
gency responses for both scenarios.

One possible cause of the discrepancy is the
change in wording from “most risky”/“least risky”
to “most likely to result in a fatality”/“least likely to
result in a fatality.” In the first survey, respondents
may have considered a stop in ventilation risky as
it increased the likelihood of other risks (such as in-
creased levels of methane), but in the second survey,
it is not considered a direct cause of fatalities. In a

similar fashion, a roof fall along the face is less likely
than a roof fall outby to threaten the structural in-
tegrity of a miner’s escape routes; however, is more
likely to result in a direct fatality as most miners will
be located near the face during their work. The im-
plications of this explanation highlights the poten-
tial unintended trade-offs of increasing specificity in
defining risk, and it reinforces the need to have a
solid understanding of the nature of the risk of inter-
est. The greater association between the risk ranking
and emergency response in the first survey compared
to the second suggests that a less precise definition of
risk can, in some cases, provide a better measure. If
due to noise, this reinforces the recommendation to
provide a few risk scenarios, rather than a single risk
scenario, in communicating risk thresholds.

4.3.3. Open-Ended Questions

Open-ended questions were added to survey to
allow respondents to indicate any uncertainty they
had or to qualify their responses. In general, respon-
dents did not use the open-ended questions to indi-
cate uncertainty, but did provide insights into their
perspectives on the risk scenarios.

The comments in the emergency response sec-
tion predominantly noted actions that the respon-
dents would take to investigate the source of the
risk cues or to remediate the risk. That a substan-
tial proportion of participants were concerned about
risk remediation suggested another potential source
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of noise for our scale: whether or not participants im-
plicitly included or excluded the effects of potential
remediation in their evaluation of risk.

Toward the end of the survey, there were two
sets of questions intended to assess the factors that
were used to decide which emergency response to
take. The first set of questions focused on consec-
utively ranked risk scenarios where the respondent
chose a more aggressive emergency response in one
scenario than in the other. However, as most re-
spondents never selected use of the refuge alter-
native as an option, only comparisons of continu-
ing work and attempting to exit the mine had suffi-
cient responses for evaluation. Of the 47 responses,
13 (27.7%) mentioned the potential for remedia-
tion, nine (19.1%) mentioned restriction of escape
ways, six (12.8%) mentioned uncertainty about the
cause, four (8.5%) mentioned additional or escalat-
ing risks, two (4.3%) mentioned the number of min-
ers affected, and one (2.1%) mentioned regulatory
requirements.

The second set of questions asked respondents
for factors that generally contribute to them taking
a specific emergency response. Most of the response
regarding continuing work or attempting to escape
noted risk scenarios, e.g., fires or explosions, rather
than more basic factors—however, the responses re-
garding refuge alternative use were somewhat more
sophisticated. Of the 45 responses, 40 (88.9%) men-
tioned the ability/inability to escape, six (13.3%)
mentioned excessively high or increasing danger,
four (8.9%) mentioned physical injury, three (6.7%)
mentioned that refuge alternatives should never be
used, two (4.4%) mentioned accessibility/prior train-
ing in the use of the refuge alternatives, and two
(4.4%) mentioned individual personalities.

As noted at the beginning, one of the first tasks
in developing a scenario-based risk scale is assessing
the nature and scope of the risks being addressed. In-
clusion of such open-ended questions provides a way
to assess how respondents are approaching the ques-
tion of risk more generally. The complexity in which
risk is perceived by miners, revealed by these open-
ended questions, provides additional evidence that a
broader ranking by “risk” rather than “risk of fatal-
ity” may more comprehensively capture the nature
of the risks being examined.

4.3.4. Role Differences

Our results do not indicate a significant dif-
ference in emergency response behavior depending

upon prescribed role, with the possible exception of
“Roof fall outby.” Nonetheless, in 10 of 15 scenar-
ios, the foreman role appears directionally more risk-
seeking than the crew member role.

5. GENERAL DISCUSSION

Effective emergency response training requires
the communication of commonly understood risk
levels, which can be applied in dynamic scenarios
with as little noise as possible. In this article, we pro-
posed a methodology to develop a context-specific,
scenario-based risk scale comprised of a Kemeny
ranking of risk scenarios developed in conjunction
with the target training population, as well as sev-
eral suggested measures to assess the scale’s internal
consistency, reliability, and validity. The second sur-
vey focused on introducing practical improvements
to reduce response errors and to capture additional
feedback from the target audience. We present this
methodology as new, suggesting that there is op-
portunity for broader applications and improvement.
Moreover, developing a scenario-based risk scale is
only a part of the effort required in emergency re-
sponse training. In closing, we provide a brief re-
view of where the scenario-based risk scale falls in
line with other work, and suggest further lines of im-
provements and research.

5.1. Part of a Larger Process

As we noted in the Introduction, emergency re-
sponse scenarios often differ from other decision-
making environments due to a dynamically changing
environment and to novel risk cues. In cases such as
mine emergencies, decisions often need to be made
in teams and quick agreement among all decision
makers may be important to respond effectively. To
that effect, we have focused on how to communicate
appropriate risk thresholds, while keeping relatively
silent on how to establish these risk thresholds.

We note several potentially complimentary ap-
proaches in how to establish risk thresholds. If a
quantitative assessment of risks were available, we
may be able to use contingent valuation methodolo-
gies to establish risk thresholds. If these risks could
then be aligned with the scenario-based risk scales,
e.g., through simulations, historical data, or expert
estimates, we could translate the quantitative risk
thresholds to scenarios for training and communica-
tion.
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Discussing emergency risks in a structured but
more qualitative manner with the target population
may also help us to better identify what matters to
them and how much it matters.(24) Our efforts in pro-
viding and analyzing the open-ended questions as
part of the second survey acts as an extension of such
efforts, allowing us to better understand the factors
that influence mine emergency response which often
are not restricted purely to loss of life or risk. How-
ever, the open-ended questions in the survey com-
pliment but do not substitute for a more rigorous
program of understanding the target population’s
preferences as can be obtained through more flexible
procedures, such as a guided interview.

5.2. Further Research

While we proposed the scenario-based risk scale
as an alternative to quantitative scales or “familiar”
risk scales, our article does not provide a direct con-
trast of the methodologies. This is partly to the credit
of the scenario-based risk scale, as it allows for the
development of a risk scale in cases like mine emer-
gency response, where concrete quantitative risk esti-
mates do not exist. Nonetheless, it would be valuable
to test these methodologies more directly in domains
where quantitative estimates are available.

Additionally, while we performed a basic analy-
sis of the difference in rank orderings in the first sur-
vey to determine that some of the rankings appeared
reversed, it may be valuable to develop methodolo-
gies to evaluate whether or not there is any clustering
of risk rankings. A cluster analysis approach can pro-
vide further information regarding how respondents
perceive the risk and provide more focused direction
on how to reduce ambiguity in the scenarios’ descrip-
tion.

Finally, although we remarked on the multidi-
mensionality of emergency response; our approach
so far has been to “encompass” those dimensions un-
der a single risk construct. A contrasting approach
would be to solicit several rank orderings of the sce-
narios based on more specific dimensions of the con-
struct, e.g., asking one sample to rank order by “like-
lihood of fatality,” another by “likelihood of injury,”
another by “likelihood of blocked escape,” etc. Such
specification may improve the internal consistency of
the scales—as was observed between surveys 1 and 2.
When it is inadvisable to communicate the full rank
orderings by all dimensions to the target population,
methods to collapse the scales after they are estab-
lished may be identified or communications can sim-

ply be designed to refer only to relevant scenarios
and dimensions.
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