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GRAPHICAL ABSTRACT

e To propose a process improvement
framework based on  Human
Reliability Assessment.

e To propose a method for Human
Reliability Assessment by integrating
the SLIM and SHERPA techniques.

e To identify and determine the relative
weights of Performance Shaping
Factors.

e To identify potential human errors in
an emergency response scenario
involving a gas leak at an oil refinery.
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The safe and reliable operation of process industries largely depends on
human reliability in performing safety-critical tasks, particularly under
emergency conditions. Emergency response scenarios are among the most
important approaches for enhancing organizational preparedness against
industrial accidents; therefore, improving their execution process is of
significant importance. Despite the development of various Human
Reliability Assessment methods, previous studies have mainly focused on
estimating human error probabilities, with limited attention to identifying
key performance influencing factors and translating assessment results into
practical improvement actions. This study proposes a process improvement
framework based on Human Reliability Assessment, named DMAIC-HRA.
The proposed framework was applied to a toxic and hazardous gas leak
emergency response scenario in an oil refinery up to the stage of developing
improvement actions. An integrated SLIM-SHERPA approach was
developed to assess human reliability by combining human error
identification with reliability estimation. The results indicated that the
overall human reliability of the investigated process was 87.09%. Among
the seventeen analyzed activities, the highest human error probability was
related to the “Notification to the Control Center” activity (0.1148), while
the lowest was associated with the “Interview” activity (0.0048). Based on
the assessment findings, corrective actions were proposed to improve the
emergency response process. The proposed framework provides a
systematic approach for identifying human performance weaknesses,
reducing the likelihood of human error, and enhancing safety management
in high-risk process industries. Although the case study results may not be
directly generalizable to other organizations, the proposed framework can
be adapted for assessing and improving various organizational processes.
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1. Introduction

Human performance is a critical component of safety
and reliability in  socio-technical systems,
particularly in high-risk process industries where
human errors may contribute to undesirable events.
Human Reliability Assessment (HRA) provides a
systematic approach for identifying, analyzing, and
quantifying human errors and the factors affecting
human performance. However, the practical value of
HRA is enhanced when its results are translated into
operational decisions and process improvement
actions. Therefore, integrating HRA outcomes with
continuous process improvement approaches can
provide a more comprehensive basis for improving
process performance, safety, and reliability. DMAIC
is a widely used approach for systematic process
improvement (Ji et al., 2024; Patriarca et al., 2024;
Yang et al.,, 2024). Kumar et al. (2021) extended the
conventional DMAIC approach by adding an initial
preparation phase and a verification phase.
Nevertheless, previous studies have generally
considered conventional process performance
indicators separately from human reliability
indicators. Although numerous studies have
addressed process improvement or human reliability
assessment, the systematic linkage between HRA
results and process improvement actions remains
insufficiently explored. Accordingly, this study aims
to develop and validate a conceptual framework for
process improvement based on human reliability
assessment. The proposed framework, named
DMAIC-HRA, integrates the extended DMAIC model
with HRA activities and establishes a systematic
relationship between human error assessment
results and improvement actions. The structure of
the proposed framework is presented in Figure 1.
The framework attempts to transform HRA from a
primarily analytical tool into a decision-support
approach  for continuous improvement of
operational processes. Considering the importance
of emergency response maneuvers for organizational
preparedness and the significant role of human
performance in such operations, the emergency
response maneuver for a toxic and hazardous gas
leak in an oil refinery was selected as the case study.

1.1. Literature review

HRA was initially developed as a multidisciplinary
approach combining engineering, reliability, human
factors, safety engineering, and psychology and has
subsequently become an important component of
risk assessment in complex systems. Previous HRA
studies have applied different qualitative,
quantitative, and hybrid methods, including THERP,
CREAM, SPAR-H, SLIM, and SHERPA. In particular,
SLIM has been used to estimate human reliability
and Human Error Probability (HEP) in different
industrial contexts. Previous studies have also widely
applied DMAIC and its hybrid forms to process
improvement in  manufacturing, chemical,

petroleum, and other industries. However, HRA
studies have generally focused on identifying and
quantifying human errors, whereas process
improvement studies have mainly focused on
conventional performance measures. The explicit
integration of quantitative human reliability results
into a systematic process improvement framework
remains limited. The literature was therefore
examined from four perspectives: (1) application of
SLIM/SHERPA or DMAIC, (2) use of human reliability
or human-error-related indicators, (3) application in
process industries, and (4) application to
emergency-response operations. The comparison
indicates that previous studies have generally
addressed only a subset of these dimensions.
Consequently, the main research gap is the lack of an
integrated framework that connects quantitative
HRA outputs, particularly HEP and Performance
Shaping Factors (PSFs), to process improvement and
corrective-action planning.

2. Methodology

This applied and developmental study employed a
descriptive and comparative approach using
qualitative and quantitative data. The proposed
DMAIC-HRA framework was applied to an
emergency response process in an Iranian oil
refinery. The conceptual consistency and
applicability of the framework were reviewed by two
academic experts involved in supervising the
research. The expert review focused on the
conceptual  logic, structural  relationships,
applicability, and added value of integrating HRA
into DMAIC. Given the limited number of experts,
this assessment was treated as expert judgment
rather than statistical validation. The overall
implementation procedure is presented in Figure 2.

Based on organizational documents, previous
maneuver records, field information, and expert
judgment, an emergency response maneuver
involving a toxic and hazardous gas leak was
selected. The maneuver was structured into four
stages based on Khan et al. (2006): Awareness,
Assessment and Action, Evacuation, and Evaluation.
The original four-stage framework was not directly
reproduced; rather, its conceptual structure was
adapted to the operational conditions of the refinery.
The resulting process structure is presented in
Figure 3.

Ten organizational experts were selected based on
predefined criteria, including relevant occupational
experience, academic background, and
organizational  experience. @A  SHERPA-based
worksheet was developed to identify activities,
potential human errors, causes, consequences, and
corrective or control actions. The content validity of
the worksheet was evaluated using the Content
Validity Ratio (CVR) and Content Validity Index
(CVI). The mean CVR and CVI values were 0.875 and
0.925, respectively. The results of the content
validity assessment are presented in Table 1.
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Figure 3. Execution process of toxic and hazardous gas leak maneuver.

Table 1. CVR and CVI results for items

Item
Indicator L & 3 4 5 6 7 8
CVR 0.8 1.0 0.8 0.8 1.0 0.8 1.0 0.8
CVI 0.9 0.9 0.8 1.0 1.0 1.0 0.8 1.0
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All eight items were retained because their content
validity indices were within acceptable ranges. For
human reliability assessment, an integrated SLIM-
SHERPA approach was developed. SHERPA was used
to systematically identify activities, potential human
errors, error causes, consequences, and control
measures, while SLIM was used to quantify HEP and
human reliability. This integration allowed
qualitative human-error identification to be
combined with quantitative reliability estimation.
Initially, 25 PSFs were considered based on previous
research and expert review. Similar factors were
conceptually combined and irrelevant factors were
removed. The influential PSFs for each maneuver
stage were then identified using MICMAC analysis.
Pairwise comparisons were subsequently used to
determine the relative weights of the influential
PSFs, and experts rated the contribution of each PSF
to individual human errors using a 1-9 scale. Expert
judgments were aggregated using the geometric
mean. The PSF with the highest weight was Skill in
the Awareness stage, System States in Assessment
and Action, Experience in Evacuation, and Skill in
Evaluation. These weights and PSF ratings were
incorporated into the SLIM calculations to estimate
the SLI and HEP for each identified human error. A
total of 17 activities and 59 potential human errors
were identified across the four maneuver stages. The
process-level HEP was calculated by considering the
relationships among activities and stages.

3. Results and Discussion

The analysis identified 12 potential human errors in
Awareness, 33 in Assessment and Action, 8 in
Evacuation, and 6 in Evaluation, resulting in 59
potential human errors across the maneuver process.
The causes and characteristics of errors differed
among the stages, demonstrating the influence of
operational and contextual factors on human
performance. The results showed that the
Evacuation stage had the highest HEP,
approximately 0.1291, while the Evaluation stage had
the lowest HEP. Among the 17 activities, the highest
HEP was associated with the “Notification to the
Control Center” activity (0.1148), whereas the lowest
was associated with the “Interview” activity
(0.0048). The overall process HEP was estimated at
0.1291, corresponding to an overall human reliability
of 87.09%. The results were reviewed by
organizational experts and were considered
consistent with the operational characteristics of the
refinery and previous emergency response
experience. The findings indicate that the Evacuation
stage represents a particularly important
opportunity for improvement because of its
relatively  higher  contribution to  human
unreliability.

3.1. Sensitivity Analysis of PSF Weights

To examine the robustness of the results, a
sensitivity analysis was conducted by changing the

weight of the highest-weight PSF in each maneuver
stage by +20%, while proportionally adjusting the
remaining weights so that their sum remained equal
to one. The results showed that changes in PSF
weights affected HEP values at both activity and
stage levels. The largest sensitivity was observed in
the Evaluation stage, whereas the overall process
HEP changed by approximately +6.65% and -6.71%
relative to the baseline condition. Although changes
in PSF weights affected the magnitude of HEP, the
prioritization of activities showed a degree of
stability. Therefore, the sensitivity analysis indicates
that the results are affected by PSF weighting, while
the main prioritization pattern remains reasonably
stable.

3.2. Sensitivity Analysis of Reference Errors and
SLIM Coefficients

A second sensitivity analysis was conducted to
examine the effect of selecting alternative reference
errors on the SLIM coefficients a and b and,
consequently, on the final HEP. In the baseline
condition, the reference errors corresponding to
rows 13 and 31 of the human error reference table
were selected. Two alternative scenarios were then
defined using rows 13 and 18 and rows 18 and 31,
respectively. In the baseline condition, the process
HEP was 0.1291 and process human reliability was
87.09%. Selecting reference errors from rows 13 and
18 increased HEP to 0.1812, representing a 40.36%
increase, while human reliability decreased to
81.88%. Selecting rows 18 and 31 increased HEP to
0.2186, representing a 69.33% increase, while human
reliability decreased to 71.45%. These results
demonstrate that reference-error selection is an
important source of uncertainty in estimating HEP
through the SLIM calibration coefficients. However,
the observed changes should not necessarily be
interpreted as model instability; rather, they
demonstrate the sensitivity of quantitative HEP
estimates to the selection of reference points used to
transform SLI into HEP.

3.3. Improvement Actions

Based on the HRA results and expert judgment,
improvement actions were identified and prioritized
using four criteria: expected effect on reducing HEP,
implementation cost, implementation time, and
feasibility. Three improvement actions were
prioritized: (1) designing and implementing
standardized forms for personnel registration and
counting, (2) improving spatial-awareness skills
through familiarity with aerial unit maps and
continuous emergency drills, and (3) upgrading the
emergency notification system and applying
intelligent technologies to identify the accident
location and operational unit. The first action
received the highest priority, followed by the spatial-
awareness improvement action and the emergency
notification system upgrade. These findings indicate
that improving human reliability cannot rely solely
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on conventional safety training; rather,
improvements in human skills, organizational
procedures, information systems, and technological
support should be considered simultaneously.
Compared with previous studies, the proposed
approach extends conventional process
improvement by explicitly incorporating human
reliability into process analysis and improvement.
While previous research has examined human
performance factors or applied DMAIC to process
improvement, the present study establishes a
systematic linkage between PSF identification,
human-error analysis, quantitative HEP estimation,
and improvement-action prioritization. Thus,
DMAIC-HRA provides an integrated analytical basis
for considering human reliability as an explicit
dimension of process performance.

4. Conclusions

This study developed and applied the DMAIC-HRA
framework to establish a systematic connection
between human reliability assessment and process
improvement. The framework integrates HRA
activities into the DMAIC structure and uses human
reliability results to identify process weaknesses and
formulate improvement actions. Application of the
framework to a toxic and hazardous gas leak
emergency response maneuver in an oil refinery
resulted in the identification of 17 activities and 59
potential human errors across four stages:
Awareness, Assessment and Action, Evacuation, and
Evaluation. The integrated SLIM-SHERPA approach
combined structured human-error identification
with quantitative human reliability estimation. The
overall process HEP was estimated at 0.1291,
corresponding to an overall human reliability of
87.09%. The highest HEP was associated with the
“Notification to the Control Center” activity, while
the Evacuation stage had the highest stage-level
HEP. The sensitivity analyses showed that both PSF
weighting and the selection of reference errors
influence quantitative HEP estimates. Nevertheless,
the PSF sensitivity analysis indicated a degree of
stability in activity prioritization. The reference-error
sensitivity analysis highlighted the importance of
considering  calibration  uncertainty =~ when
interpreting SLIM-based HEP estimates. The
prioritized improvement actions demonstrate how
HRA results can be translated into practical process-
improvement decisions. Therefore, the main
contribution of DMAIC-HRA is not merely the
simultaneous use of DMAIC and HRA, but the
establishment of a systematic pathway through
which human-error identification and reliability
estimation can inform the prioritization of process
improvement actions. The study was limited to the
analysis and formulation of improvement
recommendations; the proposed corrective actions
were not implemented during the study period.
Consequently, post-intervention human reliability
was not re-measured and the effectiveness of the

\O)Ln-&/v 0590 AL Jbﬂ/d)saﬁsw‘fuw

interventions was not empirically evaluated. Future
studies should implement the proposed actions,
reassess human reliability after intervention, and
examine the applicability of the framework in other
emergency processes and industrial organizations.
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Figure 2. Methodology for process improvement research utilizing a human reliability approach.
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Table 3. Characteristics of experts
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Figure 3. Worksheet for identifying potential human errors in emergency response maneuver processes.

Table 4. CVR and CVI Results for Items
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Figure 4. Execution process of toxic and hazardous gas leak maneuver.
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Table 5. PSFs Affecting human reliability in toxic and hazardous gas leak emergency maneuver
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Figure 5. PSF interdependency—influence diagram- awareness stage of emergency maneuver.
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Figure 6. PSF interdependency—influence diagram - assessment and action stage of emergency maneuver
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Figure 7. PSF interdependency—influence diagram- evacuation stage of emergency maneuver.
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Figure 8. PSF interdependency—influence diagram - evaluation stage of emergency maneuver.
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Table 6. HEP for toxic and hazardous gas leakage maneuver sub-activity/main activities and stages
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Table 7. Sensitivity analysis of HEP to PSF weight
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Table 8. Sensitivity analysis of the choice of reference errors for determining coefficients a and b
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Table 9. Prioritization of Improvement Suggestions
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Table 10. Implementation Plan for Improvement Suggestions
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