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ABSTRACT

Introduction: Hospitals represent a critical fire safety challenge. The presence of patients with limited
mobility, specialized staff, and invaluable infrastructure makes them seriously vulnerable. Further, toxic
smoke inhalation, as a primary product of fire, is a leading cause of mortality. To address this concern, our
study intended to conduct a comprehensive fire safety assessment of a teaching hospital in Tehran (2023-
2024) by integrating risk assessment with numerical modeling.

Material and Methods: This study was conducted in a teaching hospital following three consecutive
steps: risk assessment, fire scenario design, and fire and smoke modeling. First, vulnerable zones were
identified using the FRAME method. Next, fire scenarios and control strategies were designed based on
the identified risk factors and a review of the relevant literature. Ultimately, fire and smoke transport was
modeled using the CFAST software to ascertain the performance of the proposed strategies.

Results: The risk assessment pinpointed two wards with unacceptably high occupant risk levels: the
inpatient ward on the 10th floor, owing to a cluster of unsafe behaviors, and the basement warehouse,
owingtoimproper storage and inadequate emergency exit access. Fire and smoke modeling was performed
for these two zones, comparing the “current situation” against a proposed “risk control strategy.” The
modeling results revealed that the control strategy positively affected key life safety indicators, significantly
ameliorating the Fractional Effective Dose (FED) and Heat Release Rate (HRR).

Conclusion: According to this study, a fire risk assessment provides a clear and detailed perspective on
a hospital building’s fire safety. Integrating the results of the FRAME assessment with CFAST simulations
results in a comprehensive understanding of the facility’s safety status. These data can be utilized to
design effective emergency plans and calculate the Required Safe Egress Time (RSET), thereby preventing
life-threatening harm to occupants against toxic gases.
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1. INTRODUCTION endangering patient lives, and interruption of vital

In the context of Iranian healthcare healthcare services. Effective fire management
infrastructure, fire safety is a deadly threat. in such vulnerable environments is contingent
Its consequences include property damage, upon identifying hazards, integrating intrinsically

safe design, and training staff in fire safety. A
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fundamental step to mitigate this threat involves
the initial identification of hazards with a robust
risk assessment. Methods such as the Fire Risk
Assessment Method for Engineers (FRAME)
are well-known in healthcare environments for
their structured approach, which can identify
hazards as well as determine the level of fire risk.
As indicated in studies focused on hospital safety,
the FRAME method was selected for this study
because of its proven effectiveness in quantifying
risks to building contents, occupants, and activities
separately—a feature that is particularly valuable in
the compartmentalized environment of a hospital.

While risk assessment identifies static hazards,
comprehending the dynamic behavior of fire and
smoke is critical for effective evacuation planning
and remedial actions. Since toxic smoke inhalation
is the leading cause of fire-related| deaths, this study
employed numerical fire modeling to analyze
conditions in high-risk areas. Among the modeling
outputs, the Fractional Effective Dose (FED)
served as a proxy for toxic gas exposure, and the
Heat Release Rate (HRR) represented the thermal
intensity of the fire.

For the dynamic simulation, the Consolidated
Fire and Smoke Transport (CFAST) model, a well-
validated tool developed by NIST, was utilized.
This model splits compartments into hot upper
and cooler lower layers, effectively simulating key
environmental conditions including temperature,
gas concentration, and activation times of
sprinklers as wel las detectors.

2. MATERIAL AND METHODS

This cross-sectional study was undertaken in
2023-2024 in a 13-story high-rise hospital (12
above ground, one basement) in Tehran. The study
focused on 12 of its active departments, as some
sections were inactive at the time. Each department
had an approximate area of 670 square meters.
The concrete structure had a fire resistance rating
between 30 and 60 minutes. The interior surfaces
were mainly covered with stone. The active fire
protection system comprised two water sources
with high-pressure pumps and hydrant valves.
All departments were equipped with manual and
automatic fire alarm systems, fireboxes, fire doors,
and emergency exits, and were complemented
using guidance signage. A notable observation
from the initial walkthrough was the inconsistency
in periodic inspections of electrical installations
across departments, in spite of compliance with
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national electrical standards.

The general methodology involved three
consecutive steps: i) risk assessment, ii) scenario
design, and iii) fire dynamics modeling.

For the initial risk assessment, the semi-
quantitative FRAME method was applied. This
method calculates the fire risk based on three core
parameters: i) Potential Risk (P), ii) Acceptance
Level (A), and iii) Protection Level (D) afforded by
existing systems. It reports separate, dimensionless
risk indices for property (R), occupants (R1), and
activities (R2). For the analysis of the results, risk
levels < 1.0 are placed within the risk acceptance
range.

Fire scenarios for the identified high-risk zones
(nephrology ward and warehouse) were developed
based on FRAME results, a review of relevant
literature, and hospital documents. Fire and smoke
modeling was performed using CFAST software
(v7.7.4) with focus on FED and HRR as key output
parameters. The modeling was undertaken under
two distinct protection strategies.

« Strategy A (Current Conditions): Represents
the existing setup, where smoke detectors are
installed in all residential areas, corridors, and the
warehouse, but sprinklers are limited to hallways as
well as the warehouse entrance.

« Strategy B (Enhanced Protection): Assumes a
comprehensive upgrade with both smoke detectors
and sprinklers installed in all residential rooms (for
patients and staff), corridors, and on the warehouse
shelves.

Two specific fire scenarios were simulated:

o Nephrology Ward: A fire initiated by an
electrical short circuit in a patient room outlet,
involving a blanket, bed, and chair as the primary
fuel.

» Warehouse: A fire started by a spark igniting
three cardboard cartons.

3. RESULTS AND DISCUSSION

According to the FRAME risk assessment,
the property and activity fire risks were within
acceptable limits (R < 1) across all departments.
Nevertheless, the occupant risk was unacceptable
in the warehouse (1.34) and the nephrology ward
(1.11). These findings are in line with previous
studies, confirming that inpatient wards—such as
the nephrology ward on the 10th floor—are high-
risk. This risk was owing to an accumulation of
unsafe behaviors—such as insufficient staff safety
training and high-risk regulatory violations like
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Fig. 1: Fractional Effective Dose (FED) for indoor targets under strategies A and B: (1) Nephrology ward, (2) Warehouse.
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Fig. 2: Heat Release Rate (HRR) for ignition sources under strategies A and B: (1) Nephrology ward (10th floor), (2) Warehouse (base-

ment).

smoking—compounded by the concentration
of patients with limited mobility, significantly
impeding evacuation efficiency. Likewise, the
warehouse in the basement presents a high risk
due to the storage of combustible materials and
inadequate access to emergency exits.

Following the risk assessment, fire modeling
was performed using CFAST software in the two
identified high-risk zones: the nephrology ward
and the warehouse. Two distinct safety strategies
were simulated: Strategy A, which represented the
current safety conditions, and Strategy B, which
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assumed enhanced installation of smoke detectors
along with sprinklers in all residential rooms,
corridors, and warehouse shelves.

The FED results for toxic gases in both wards
under Strategies A and B are displayed in Fig. 1,
while the HRR results are depicted in Fig. 2. Given
the significantly higher values in the fire source
room, the results for Target 1 (within the fire room)
and other targets were plotted separately. Fig. 1
indicates that toxic gases are primarily generated
in the fire source room. Thus, the sprinklers we
implemented in Strategy B drastically lowered FED
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values, highlighting their efficacy in suppressing
combustion and toxic gas production at the source.
Smoke movement followed a predictable path from
the fire room to the corridor and then to common
areas such as the nursing station, with the highest
concentrations recorded in these zones.

The comparative analysis of HRR results
between the two strategies, as illustrated in Figure
2, highlights a critical finding: the proximity of
sprinklers to the fire source is a key determinant
of life safety. Sprinklers located close to the
ignition source (Strategy B) presented a superior
ability to suppress the Heat Release Rate during
the fire’s growth stage. This rapid suppression
directly prolongs the Available Safe Egress Time
(ASET), a vital metric for occupant survival. This
finding is well-supported by existing literature on
performance-based fire safety, which positions
automatic sprinklers as a key measure for
controlling fire development as well as enhancing
life safety.

4. CONCLUSIONS

The present study applied an integrated
approach through combining the FRAME risk
assessment method with fire modeling using
CFAST software to ascertain and boost fire safety
in a high-rise hospital. The FRAME risk assessment
identified the nephrology ward and the warehouse
as high-risk zones, which were subsequently
selected for detailed modeling. The primary aim
was to undertake a comprehensive fire safety
analysis of the hospital and generate reliable data
for future performance-based designs.

The simulation results provided quantitative,
evidence-based support for the proposed safety
interventions. The findings indicated that although
the buildings inherently safe architecture—
featuring compartmentalization, fire-rated doors,
and emergency exits—established a good level
of passive protection, this alone was insufficient
to guarantee life safety in high-risk areas. The
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modeling clearly demonstrated that implementing
a comprehensive automatic sprinkler system
(Strategy B) significantly lowers both FED and
HRR. This suppression markedly enhances the
Available Safe Egress Time (ASET), which plays
a critical role in evacuating patients with limited
mobility.

Thus, to achieve the highest possible level of life
safety, the complete installation of sprinklers in all
patient rooms, corridors, and especially in high-
risk storage areas is strongly recommended. This
study clearly indicates that achieving optimal safety
in complex environments such as hospitals depends
on integrating “inherently safe structural design’
with “active fire protection systems” Ultimately, to
address the identified operational vulnerabilities,
the following key measures are proposed within a
unified management framework:

o Implementation of a regular periodic
inspection program

« Continuous training of personnel

o Enforcement of clear protocols to reduce
high-risk behaviors
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