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ABSTRACT

Introduction: Steel industry socio-technical systems involve non-linear human, technological, and
organizational interactions. As traditional risk assessments often fail to capture emergent risks, this
research employs the Functional Resonance Analysis Method (FRAM) to analyze operational variability.
Additionally, PHAST 8.4 software models the consequences of accidents triggered by functional
fluctuations, providing a comprehensive assessment of hazard zones.

Material and Methods: Conducted in 2025 at a Direct Reduction Iron (DRI) plant, this study used a two-
phase approach. First, FRAM analysis utilized expert panels, interviews, and observations to map 14
systemic functions. After identifying functional variability, PHAST (v8.4) simulated catastrophic scenarios,
translating abstract functional misalignments into concrete physical impact data.

Results: Using the FRAM method, a total of 14 functions and 42 interactions were identified within the
direct reduction unit, among which 6 functions and 9 interactions were determined as critical points.
The results indicated that certain organizational and human functions, including maintenance (F12),
inspection (F13), and training (F14), act as essential preconditions for key technical functions such as the
direct reduction furnace (F2) and the reformer (F6). Evaluation of time and accuracy variability showed
that performance fluctuations in the reformer can lead to catastrophic scenarios, such as gas leakage and
explosion. PHAST 8.4 modeling results for the reformer unit revealed that in the event of an accident, the
100% fatality radius could reach 15 meters, while under winter meteorological conditions, the thermal
radiation impact zone could extend up to 16 meters along the gas pipelines.

Conclusion: This paper provides a practical framework for transitioning from a reactive to a proactive
approach. By identifying hidden critical points arising from functional resonance, the findings can support
managers in more targeted resource allocation. Furthermore, integrating FRAM with consequence
modeling enables a more accurate understanding of accident-scenario propagation and supports the
determination of safety boundaries in complex industrial systems.

Keywords: Risk, Steel industry, Systems theory, The functional resonance analysis method, Socio-technical
Systems
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1. INTRODUCTION

The steel industry, as a highly complex socio-
technical system, is characterized by tightly
coupled human, organizational, and technological
interactions that can generate non-linear and
emergent safety risks. Despite significant advances
in industrial safety management, accidents in
such environments continue to occur due to
performance variability and the inability of
conventional risk assessment methods to capture
dynamic system interactions. In particular, the
Direct Reduction Iron (DRI) process poses
significant safety challenges due to combustible
gases, high-temperature operations, and strong
interdependencies between technical and human
functions.

Traditional risk assessment approaches are
often limited in addressing emergent risks, as
they primarily rely on linear cause-and-effect
relationships and fail to adequately account for
system variability and functional interactions.
Although systemic approaches such as FRAM have
been introduced to analyze performance variability
in complex systems, their qualitative nature restricts
direct quantification of accident consequences. On
the other hand, consequence modeling tools such
as PHAST can accurately simulate the physical
impacts of hazardous scenarios but cannot
incorporate systemic functional interactions.

To address this gap, the present study proposes
an integrated approach combining FRAM and
PHAST for comprehensive risk analysis in a direct-
reduction unit of a steel plant. The objective is
to identify critical system functions and their
variability-induced interactions using FRAM and
subsequently quantify the potential consequences
of these critical scenarios using PHAST. This
integration enables a more holistic understanding
of both systemic causes and physical impacts of
industrial accidents, supporting improved risk
assessment in complex industrial environments.

2. MATERIAL AND METHODS

This applied study, conducted in 2025, focuses
on identifying emerging risks within a DRI unit.
The methodology is structured as follows:

2-1- Expert Selection and Data Acquisition

A team of Subject Matter Experts (SMEs),
including production managers and senior
operators, was established. Data was gathered
through direct observation, accident history review,
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Standard Operating Procedures (SOPs), and semi-
structured interviews.

2-2- Functional Modeling via FRAM

Based on the four fundamental principles
of FRAM, the study prioritized Work-As-Done
(WAD). Each system function was modeled
using six aspects: Input, Output, Time, Control,
Precondition, and Resources. Performance
variability was quantified through scoring
“Precision” (3 levels) and “Time” (4 levels).

2-3- Defuzzification and Deterministic Weighting

Expert judgments were processed using the
Fuzzy Analytic Hierarchy Process (FAHP) by
converting linguistic terms into Trapezoidal Fuzzy
Numbers. The fuzzy geometric mean was computed
via Equation (1):

5‘[ Z(lja[/)% (1)

This was followed by normalization to
determine fuzzy weights using Equation (2):

Wi =S:®(505:0..05,)" )

Ultimately, the Center of Area (CoA) method
was applied based on Equation (3):
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For defuzzification, providing deterministic
weights to prioritize critical systemic functions and
manage uncertainty accurately.

To address the inherent uncertainty and
subjectivity in expert judgments during the
weighting of evaluation criteria, the FAHP was
employed. FAHP extends the classical AHP
by incorporating fuzzy set theory, enabling
more realistic modeling of ambiguity in human
assessments. This approach allows systematic
pairwise comparisons of criteria and improves
the reliability of weight determination in complex
decision-making problems.

2-4- Graphical Modeling via FMV pro.2.2.0

To visualize the intricate functional network,
the specialized FMV pro.2.2.0 software was utilized.
This tool enables the interactive representation
of interdependencies between upstream and
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Table 1: Input Parameter Specifications for PHAST Software

Length (m) Width (m) Height (m)
Reformer 42 15 17
Min. Temp o
Process °C) Max. Temp (°C) Pressure (mmH->0)
Parameters 900 1200 25
Com‘;ﬁ; tion CH.% CH% CH% CHi% CHp% — CO%  No%
Natural Gas 89.35 4.03 1.16 0.62 0.25 1.29 3.3
CH4% CO% COx% Hx% H>0% N2%
Process Fuel
Gas Wet 6.19 20.95 18.57 45.71 5 3.7
Dry 6.5 ) 19.5 48 0 4
Weather Relative Wind Speed Atmospheric : o
Parameters Humidity (/) (m/s) Stability Class Air Temp (°C)
Sorin Day 20 3.5 C 22
PrINE  Night 30 2.5 E 14
Summer Day 10 2.5 D 31
" Night 18 1.8 F 22
Day 24 25 D 17
Autumn -\ 34 1.8 E 10
. Day 38 2.0 F 6
Winter  \oht 48 1.5 F 2

downstream functions, mapping the aggregation of
performance variability based on SME consensus.

2-5- Emerging Risk Identification and Resonance
Management

By analyzing the interplay between internal
and external variabilities, the phenomenon
of Functional Resonance was identified. This
resonance precipitates emerging risks. The
systemic threats arising from complex interactions
that traditional linear analysis tools fail to predict.
Consequently, management strategies focusing on
monitoring critical links and optimizing human-
machine interactions were proposed.

2-6- Consequence Simulation via PHAST 8.4 and
GIS Analysis

To quantify the physical impact of these
emerging risks, accident scenarios (including
explosion overpressure and thermal radiation) were
simulated using PHAST 8.4. The simulation was
specifically calibrated for the critical technological
function (F6): reformer. Operational parameters
and local meteorological data—including wind
speed and Pasquil stability classes—were integrated
into the model, as detailed in Table 1. Finally,

[ DOW!

the resulting impact contours were mapped
within a Geographic Information System (GIS)
environment to demarcate safety perimeters and
identify vulnerable zones within the DRI.

3. RESULTS AND DISCUSSION

This study used a panel of 12 SMEs with
experience in the DRI unit to identify 14 functions
across the human, technological, and organizational
domains. Using FRAM, 42 functional couplings
were mapped, establishing a baseline for how
operational fluctuations propagate through the
facility’s socio-technical architecture and enabling
comparison over time. To manage uncertainty
and bias, FAHP quantified performance variability
based on Time and “Precision phenotypes. By
weighting judgments by education, experience,
and rank, the study identified 9 critical couplings.
The functional network and critical functions were
visualized with FMV software (v2.2.0), as shown in
Figure 1.

The functions with the potential to trigger
functional resonance, along with their interactions
throughout the DRI unit, have been identified and
are indicated by . The analysis pinpointed
the Reformer (F6) as the primary systemic
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Fig. 1: Graphical representation of critical coupling using FMV software.

bottleneck, demonstrating that minor deviations
in upstream functions—such as maintenance
accuracy (F12)—can amplify through the network
into severe downstream fluctuations. This confirms
the principle of functional resonance, in which
accidents arise from the alignment of everyday
varijabilities rather than isolated component
failures.

The identified critical variability —was
subsequently integrated into PHAST 8.4 for
consequence modeling of the Reformer’s
combustion chamber and feed lines revealed that
flash-fire hazard radiation is significantly greater
during the day due to atmospheric instability and
mass transfer rates.

Figure 2 illustrates the flash fire hazard
contours for the Reformer unit. Daytime scenarios
exhibit significantly larger hazard radii than
nighttime scenarios due to atmospheric instability.
Specifically, the gas cloud reaches its maximum
extent in spring, potentially impacting strategic
access routes.

In total rupture scenarios, the fireball heat flux
exceeded 110 kW/m?, resulting in a 100% lethality
radius of 15 meters across all seasons. Furthermore,
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the high methane content in natural gas feed lines
led to a broader impact radius compared to process
fuel lines, indicating that chemical composition
and source pressure often override seasonal
atmospheric effects in catastrophic release events.
The gap between qualitative functional analysis
and quantitative physical impact assessment
remains a key limitation in current safety studies.
Recent works (e.g., Salehi, 2025; Slater, 2025) have
primarily focused on advanced simulation and
data-driven approaches such as neural modeling
for risk prediction and system behavior analysis.
However, these approaches often lack an explicit
linkage between functional performance variability
and the resulting physical consequence modeling.
In contrast, the proposed FRAM-PHAST
integration provides a structured pathway to
connect system-level functional variability with
quantified hazard consequences, enabling a more
coherent representation of accident propagation
from operational deviations to physical damage
outcomes. Nevertheless, the approach is still subject
to limitations, including potential uncertainty in
expert judgments and simplifications in representing
complex physical obstructions in explosion modeling.
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4. CONCLUSIONS

This research provides a framework for
transitioning from reactive to proactive safety,
enabling managers to identify hidden critical
points arising from functional interactions.
By focusing on targeted resource allocation at
systemic bottlenecks, unnecessary costs can be
reduced. Furthermore, integrating functional
resonance modeling with PHAST software allows
for more precise emergency response planning and
the determination of safety perimeters based on
actual impact radii. This innovative approach offers

[ DOW!

(B)

Fig. 2: Contour maps of the Flash Fire hazard zone resulting from natural gas (A) in the day and (B) at night.

a powerful tool for strategic decision-making in
complex industrial systems, significantly enhancing
operational resilience in the face of uncertainties.
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5. FRAM model visualizer
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1. Time

2. Precision

3. Fuzzy analytic hierarchical process (FAHP)
4. Trapezoidal fuzzy numbers (TFNs)
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1. Catastrophic rupture
2. Line rupture
3. Short pipes
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