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Abstract: The hydrocarbon temperature–time curve is widely used instead of the standard curve
to describe the temperature in the environment of structural surfaces exposed to fire in oil and gas
chemical facilities and tunnels. This paper presents calculations of the ratio of time to reach critical
temperatures at different nominal fire curves for steel structures such as bulkheads and columns
with different types of fireproofing. The thermophysical properties of the fireproofing materials
were obtained by solving the inverse heat conduction problem using computer simulation. It was
found that the time interval for reaching critical temperatures in structures with different types of
fireproofing in a hydrocarbon fire decreased, on average, by a factor of 1.2–1.7 compared to the results
of standard fire tests. For example, for decks and bulkheads with mineral wool fireproofing, the
K-factor of the ratio of the time for reaching the critical temperature of steel under the standard curve
to the hydrocarbon curve was 1.30–1.62; for plaster, it was 1.56; for cement boards, it was 1.34; for
non-combustible coatings, it was 1.38–2.0; and, for epoxy paints, it was 1.71. The recommended
values of the K-factor for fire resistance up to 180 min (incl.) were 1.7 and, after 180 min, 1.2. The
obtained dependencies would allow fireproofing manufacturers to predict the insulation thickness
for expensive hydrocarbon fire experiments if the results of fire tests under standard (cellulosic)
conditions are known.

Keywords: oil and gas industry; fire safety; steel structures; fire resistance limit prediction; fire
protection; mineral wool; basalt fiber; non-combustible covers; epoxy paints

1. Introduction

The fire safety of oil and gas complex production facilities (O&GC) is one of the most
important parts in the safety concept of industrial facilities and provides the protection
of people and the environment from threats of technogenic and environmental nature
in case of emergencies [1–3]. At the same time, the stability of structural systems of
O&GC in the case of fire and ensuring their required fire resistance play one of the most
important roles. As a rule, fires in industry have a large-scale character and last for a
long time [4].

It is important to note that fires in industrial areas are typically large-scale and long-
lasting [4]. This article focuses on bearing and enclosing structures that are used in different
process of O&GC, including transportation, storage, and processing. These will include
the decks and bulkheads of tankers, offshore oil production and processing platforms, and
metal structures of onshore buildings and structures (Figure 1).
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Figure 1. Platforms and trestles with structural fire protection at gas facilities. Author’s photo. 

1.1. The Nominal Temperature–Time Curves and Fire Protection 
The standard temperature–time curve (hereinafter referred to as “S-curve”) has been 

used effectively for many years to determine the fire resistance of building constructions. 
The temperature–time relationship is set out in European standard EN 1363 [5] and inter-
national ISO 834 [6] (the main world standard for fire resistance tests). However, in most 
cases, it is hydrocarbons that burn at oil and gas facilities, so, to justify the fire resistance 
of structures and equipment, it is recommended to provide the hydrocarbon temperature–
time curve (hereinafter referred to as “H-curve”) regulated by European EN 1363 [6] and 
American UL 1709 [7]. Modern software complexes that implement the computational 
fluid dynamics (CFD) model also simulate the “real” or “parametric” fire curves deter-
mined on the basis of the combustible load and specific conditions on the object [8–11].  

Both curves are also used to test the decks and bulkheads of tankers transporting 
hydrocarbons. Fire protection structures on ships are categorized into “A”, “B”, and “C” 
types when tested under the standard and “H” under the hydrocarbon fire conditions. 
The test methods outlined in the “Resolution” in [12] are also based on [6]. The difference 
in the “temperature–time” between the two curves is represented by dependencies in the 
national and international standards. For the S-mode, these can be found in references 
[6,13–16], while, for the H-mode, they can be found in references [7,14,17] (see Figure 2). 

  
(a) (b) 

Figure 2. Temperature–time curves and rate of temperature increase for unprotected steel plates of 
different thicknesses exposed to an open gasoline fire according to the standard [16] (a) and the 
hydrocarbon curve [17] (b). 

Figure 2 shows a sharp increase in the hydrocarbon fire curve within 5 min. The heat 
flux is 205 kW/m2 ± 15 kW/m2, compared to the standard one of 50 kW/m2 [7]. Without 
passive fire protection (PFP), steel structures have a fire resistance of only 25 min at a 
critical temperature of 500°C for steel according to the S-fire curve [16] and 10 min accord-
ing to the H-fire curve [17]. Therefore, PFP is typically used to protect steel structures [17–
23]. Figure 3 shows the types of fire protection coatings used at O&GC facilities. 
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Figure 1. Platforms and trestles with structural fire protection at gas facilities. Author’s photo.

1.1. The Nominal Temperature–Time Curves and Fire Protection

The standard temperature–time curve (hereinafter referred to as “S-curve”) has been
used effectively for many years to determine the fire resistance of building constructions.
The temperature–time relationship is set out in European standard EN 1363 [5] and inter-
national ISO 834 [6] (the main world standard for fire resistance tests). However, in most
cases, it is hydrocarbons that burn at oil and gas facilities, so, to justify the fire resistance
of structures and equipment, it is recommended to provide the hydrocarbon temperature–
time curve (hereinafter referred to as “H-curve”) regulated by European EN 1363 [6] and
American UL 1709 [7]. Modern software complexes that implement the computational fluid
dynamics (CFD) model also simulate the “real” or “parametric” fire curves determined on
the basis of the combustible load and specific conditions on the object [8–11].

Both curves are also used to test the decks and bulkheads of tankers transporting
hydrocarbons. Fire protection structures on ships are categorized into “A”, “B”, and “C”
types when tested under the standard and “H” under the hydrocarbon fire conditions. The
test methods outlined in the “Resolution” in [12] are also based on [6]. The difference in the
“temperature–time” between the two curves is represented by dependencies in the national
and international standards. For the S-mode, these can be found in references [6,13–16],
while, for the H-mode, they can be found in references [7,14,17] (see Figure 2).
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Figure 2. Temperature–time curves and rate of temperature increase for unprotected steel plates
of different thicknesses exposed to an open gasoline fire according to the standard [16] (a) and the
hydrocarbon curve [17] (b).

Figure 2 shows a sharp increase in the hydrocarbon fire curve within 5 min. The heat
flux is 205 kW/m2 ± 15 kW/m2, compared to the standard one of 50 kW/m2 [7]. Without
passive fire protection (PFP), steel structures have a fire resistance of only 25 min at a critical
temperature of 500 ◦C for steel according to the S-fire curve [16] and 10 min according to
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the H-fire curve [17]. Therefore, PFP is typically used to protect steel structures [17–23].
Figure 3 shows the types of fire protection coatings used at O&GC facilities.
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Passive fire protection often contains water-saturated fillers such as gypsum, vermi-
culite, and perlite. The intensive evaporation of this water slows down the heating of the
metal element. Protective materials can also undergo endothermic decomposition reactions.
The following classification was developed prior to the publication of European Design
Codes, as noted in [24], and defines three types of fire protection:

• “dry” substances as structural protection with boards;
• “wet” substances as plasters, impregnations, and flame retardants;
• intumescent substances such as paints and coatings.

The calculation and modeling of wet protection is divided into two stages: before
water evaporation and after. The use of intumescent coatings makes the mechanism of
reaction in the heating process very complex [25,26], because the process is often divided
into three stages: growth of the foam-coke, its stabilization, and then burnout [27,28].
However, when it comes to the coatings used on O&GC, the foam-coke is extremely rigid
and remains fixed throughout almost the entire testing process [29–31]. Therefore, it is
possible to model two sites: the growth of the foam-coke and its stabilization as a thermal
insulating layer.

1.2. Limit States of Structures and Predictive Model with Fire Protection

Fire resistance is the ability of a specified structure (material, geometry) to fulfil
its required (load-bearing and/or fire-separating) functions for a specified load level,
fire exposure, and period of time. The load bearing function is determined by the loss
of strength (R) that occurs for steel at 450–500 ◦C, according to [14,16], or at 538 ◦C,
according to [7]. The fire-separating function depends on the loss of thermal insulating
ability (I), which is defined as the attainment of an average temperature of 140 ◦C on the
unheated surface according to thermocouple readings and the loss of integrity (E), which
involves the formation of cracks and the falling out of pieces of building material from the
structure, making it difficult to calculate [6,15]. The fire resistance limit is the total of one
or more parameters for the required time or the actual onset of one of the factors (R, E, I)
simultaneously or each separately.

The fire resistance limits of steel structures without fire protection can be calculated
analytically based on the section factor Ap/V (the ratio of the heated area to the structure
volume, according to [14]) or its inverse value, known as the specific metal thickness [18].
The equations of thermal physics enable the calculation of heat transfer (convection, radi-
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ation, thermal conductivity) based on the given fire curve, while taking into account the
change in the thermophysical properties of the fire protection material [14].

∆θa t =
λp

dp · ca · ρa
·

Ap

V
·

θgt − θat

1 + ϕ
3

· ∆t −
(

e
ϕ
10 − 1

)
· ∆θg t, (1)

where
∆t—the time interval, s; ∆t ≤ 30 s;
∆θa t, ∆θg t—the temperature increase for the steel and ambient gas (respectively) during
the time interval ∆t, K;
Ap—the appropriate area of the fire protection material per unit length of the member,
m2/m;
V—volume of the member per unit length, m3/m;
λp—the thermal conductivity of the fire protection system, W/(m·K);
dp—the thickness of the fire protection material, m;
ca, cp—the specific heat of steel (temperature dependent) and fire protection material
(temperature independent), respectively, J/(kg·K);
ρa, ρp—the unit mass of steel and fire protection material, respectively, kg/m3;
θa t, θg t—the temperature of steel and ambient gas (respectively) at time t, ◦C;
φ—additional parameter;

φ =
cp · ρp

ca · ρa
· dp ·

Ap

V
. (2)

It is important to note that Formula (1) does not take into account the influence of
water contained in wet fire-retardant materials, as well as the type of protective material
and the method of its application [24].

1.3. Concept for Optimization of Fire Protection

The objective of this study was to formulate the problem of substantiating the char-
acteristics (layer thickness, thermal conductivity, density, heat capacity) that ensure the
required fire protection performance of the considered structure at a minimum total cost
of the material and its installation. To achieve this, a forecast model of the temperature
increase in the construction at each moment during the specified period is required. The
model should also take into account the technical characteristics of the protective material.
The problem can be mathematically described as follows:

CΣ
({

pj
})

→ min; (3)

pmin
j ≤ pj ≤ pmax

j , j = 1, 2, . . . , n; (4)

θa
({

pj
}

, treq
)
≤ θmax

a (5)

where CΣ is the total cost of the protective material and its installation (taking into account
the area of the structure), price; and pj is the unknown variable value of the technical
characteristic of the protective material with index j (j = 1, 2, . . ., n), MUj.

Taking into account the previously introduced designations,{
λp, dp, cp, ρp

}
⊂
{

pj=1, pj=2, . . . , pj=n
}

; (6)

MUj is the unit of measurement for the technical characteristic of the protective
material with index j.

n represents the total number of technical characteristics taken into account for the
protective material, measured in units.

pj
min and pj

max, respectively, represent the minimum and maximum values of the
technical characteristic of the protective material with index j, measured in MUj.

treq is the normative time interval for preserving the serviceable state of the structure
under thermal influence, measured in minutes.



Fire 2024, 7, 173 5 of 23

θa is the temperature of the material determined by the technical characteristics of the
material and the time factor, measured in degrees Celsius.

θa
max represents the maximum temperature that the structural material can withstand

while still being able to perform its intended functions, measured in degrees Celsius.
The optimal values of the unknown variables {pj} can be determined by the im-

plementation of the mathematical model described by Expressions (3)–(5), with known
dependencies CΣ({pj}) and θa({pj}, treq), using appropriate computational algorithms.

The practical significance of the mathematical model is determined by the following
factors:

■ adequacy of dependencies CΣ({pj}) and θa({pj}, treq) (formed for various categories of
protective materials), determined by the completeness and quality of the statistical
and/or experimental data used;

■ effectiveness of the computational algorithm assigned to implement the model in
accordance with the structure of the generated dependencies.

The structure of the dependence CΣ({pj}) of the total cost of the protective material and
its installation on the technical characteristics of the material in the general case assumes
a superposition of individual components, each of which represents a monotonic linear
or nonlinear function of a certain technical characteristic of the material (in some cases,
a non-monotonic dependence is possible, for the formation of which it is advisable to use
existing tools, including the models proposed in [32,33]).

The dependence CΣ ({pj}) of the total cost of the protective material and its installation
on the technical characteristics of the material can be determined by analyzing various
instances of protective materials available for mass application in the market. To create an
accurate forecast model for determining the temperature of the material based on technical
characteristics and time factor θa ({pj}, treq), a significant number of experiments and fire
tests must be performed. This involves significant amounts of labor, money, and other
resources, especially in the case of H-regime modeling.

The similarity in the thermodynamic processes between the S- and H-curves and the
relatively lower costs associated with conducting experiments with S-curve fires (compared
to the H-curve) make it possible to establish a correlation between the temperature ratio
values for these modes and the time factor. It is of interest to find a numerical relationship
between the fire resistance limits of structures exposed to S- and H-curve fires.

1.4. Review of Research on Predicting the Fire Resistance of Structures under Different Fire Exposure

Global Asset Protection Services LLC (GAPS), USA [34] and AXA Insurance Company,
France [35] conducted a study on fire protection products. They presented test reports
(the tests are the same, but the revision of the report has been updated) that compared the
thicknesses of a passive fire protection material using ASTM E-119 (S-curve) [13] and UL
1709 (H-curve) [7] (Table 1). The study applied this material on the 10 W × 49 steel columns
of 2.7 m length that are commonly used in independent stack-frames, equipment supports,
and utility bridges.

As it can be seen from Table 1, the standard fire resistance of materials is clearly
reduced in the case of the hydrocarbon fire test. Thus, two intumescent coatings—No. 1
and No. 2—with a fire resistance of 90 min under standard conditions only have 52 and
62 min when hydrocarbon fire is applied. The fire resistance of cement panels is reduced
from 180 min to 148 min.

The article by [36] focuses on the computational evaluation of the fire resistance of un-
protected steel structures. It presents a fire dynamic simulation (FDS)-based mathematical
equation that determines the ratio of fire resistance limits for S- and H-curves of a steel
frame with an Ap/V = 261 m−1. The coefficient K = 3.6 for unprotected steel structures is
obtained, but the comparison with experimental data is not performed.
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Table 1. Comparisons of ASTM E-119 [13] and UL 1709 [7] ratings.

Material
ASTM E-119 Ratings (min)—S-Curve

30 45 60 90 120 150 180 240 300 360

Corresponding Rating For UL 1709 (min)—H-curve

Intumescent Epoxy 1 39 52 72 125

Ceramic Mat 98 154

Magnesiumoxychloride 35 60 90 150 240

Intumescent Epoxy 2 62 90 115 138 240

Cement Panels 148

GAPS Normal Concrete 158 350

GAPS Light Concrete 225 355

The study by [37] aimed to verify and summarize the computational coefficient pre-
sented in [36] regarding steel structures with fire protection. The calculations of the fire
resistance under S- and H-curve heating were conducted for samples with different thick-
nesses of mineral wool and section factor Ap/V. The results showed that the relation
proposed in [36] was not fulfilled. The relative coefficient K = S/H was 1.0–1.3 for steel
structures with a critical temperature of 500 ◦C and mineral wool thickness in the range
of 40 to 60 mm. The coefficient tended towards 1 as the section factor Ap/V (critical tem-
perature increased from 450 ◦C to 600 ◦C) and thermal insulator thickness increased. It is
important to consider the possibility of areas where this relationship may not be applicable.

1.5. Aims and Objectives of this Study

The purpose of this study is to obtain the ratio between the fire resistance obtained
under standard (cellulose) and hydrocarbon (for objects of on O&GC) fire temperature-time
curves. This ratio will be based on experimental studies, calculations, and modeling. This
dependence will make it possible to approximate the fire resistance limit of structures under
H-curve fire conditions based on the known value of the fire resistance limit under S-curve
fire conditions, taking into account different types of fire protection.

For the above purpose, models were built in a software package implementing the
finite element method on the basis of experiments previously conducted by the authors or
provided by them and published data. The simulation of fire exposure under different fire
curves was carried out, and the corresponding coefficients were obtained.

2. Materials and Methods

The authors independently conducted or used the results of previously conducted
experiments to determine the fire resistance of steel structures of offshore platforms,
tankers, steel columns with fireproof plaster, epoxy compositions, cement boards, and
non-combustible covers under standard and hydrocarbon fire conditions. The aim of this
study was also to obtain the thermophysical characteristics and ratio coefficients for critical
temperatures of 500 ◦C for R-resistance and 140 ◦C for EI-resistance. In this work, the be-
havior of structures with fire protection was modeled by the finite element method, verified
on prototypes, and used to predict the results for cases not realized in the experimental
part. The ratio of K = S/H coefficients was determined.

2.1. Experimental Studies

The ambient temperature under hydrocarbon fire conditions is dependent on the time,
as described below [5]:

T − T0 = 1080 ·
(

1 − 0.325 · e−0.167·t − 0.675 · e−2.5·t
)

, (7)
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The ambient temperature under standard fire conditions is dependent on the time, as
described according to ISO 834 [6]:

T − T0 = 345 · lg(8 · t + 1), (8)

where
T, T0—ambient temperature at the current and initial moment, ◦C;
t—time, min.

2.1.1. Decks and Bulkheads

The specific test conditions and procedures were applied for decks and bulkheads
according to IMO Resolution A.754 [12]. The paper by [38] presents experimental studies
for a number of decks and bulkheads. A-60 and H-60 bulkheads were selected for the
current study. Figure 4 shows the arrangement of thermocouples on the unheated surface
of the A-60 and H-60 bulkheads.

Fire 2024, 7, x FOR PEER REVIEW 7 of 23 
 

 

prototypes, and used to predict the results for cases not realized in the experimental part. 
The ratio of K = S/H coefficients was determined. 

2.1. Experimental Studies 
The ambient temperature under hydrocarbon fire conditions is dependent on the 

time, as described below [5]: 

𝑇𝑇 − 𝑇𝑇0 = 1080 ⋅ (1 − 0.325 ⋅ 𝑒𝑒−0.167⋅𝑡𝑡 − 0.675 ⋅ 𝑒𝑒−2.5⋅𝑡𝑡), (7) 

The ambient temperature under standard fire conditions is dependent on the time, 
as described according to ISO 834 [6]: 

𝑇𝑇 − 𝑇𝑇0 = 345 ⋅ lg(8 ⋅ 𝑡𝑡 + 1), (8) 

where 
T, T0—ambient temperature at the current and initial moment, °C; 
t—time, min. 

2.1.1. Decks and Bulkheads 
The specific test conditions and procedures were applied for decks and bulk-

heads according to IMO Resolution A.754 [12]. The paper by [38] presents experi-
mental studies for a number of decks and bulkheads. A-60 and H-60 bulkheads were 
selected for the current study. Figure 4 shows the arrangement of thermocouples on 
the unheated surface of the A-60 and H-60 bulkheads. 

  
(a) (b) 

Figure 4. Location of thermocouples on the unheated surface of bulkheads A-60 (a) and H-60 (b). 

Class-H bulkhead prototypes were tested under hydrocarbon fire conditions. Class-
A bulkhead prototypes were tested under standard fire conditions. The following struc-
tures were tested under relevant fire conditions (Table 2). 

  

Figure 4. Location of thermocouples on the unheated surface of bulkheads A-60 (a) and H-60 (b).

Class-H bulkhead prototypes were tested under hydrocarbon fire conditions. Class-A
bulkhead prototypes were tested under standard fire conditions. The following structures
were tested under relevant fire conditions (Table 2).

Table 2. Tested samples of decks and bulkheads.

Sample Structure Fire Protection,
Type

Fire Protection:
Thickness, mm Figure

H-60
70/110 mm
Deck: 5 mm

Stiffener: 10 mm

rock wool
Density: 150 kg/m3

exposed surface:
on the level: 70 mm
on stiffeners: 50 mm

below stiffeners: 60 mm
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The critical (maximum allowable) temperature on the unheated surface (side) of the
structure for the bulkhead was 140 ◦C [12].

2.1.2. Columns

Test conditions and procedures were applied to column specimens of different cross-
sections with fire protection according to [18] (Figure 5). Experimental studies for epoxy
paints, plaster compositions, non-combustible covers PROMIZOL MIX PROPLATE and
cement boards are presented in [31,39–41]. The cross sections of I-columns for different
samples, as well as thermocouple locations are shown in Figure 6.
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and (11) is an inspection hatch.
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profile IK40.

In Figure 6, the cross-sections of the I-columns for different samples as well as locations
of thermocouple installation are shown.

Table 3 shows the characteristics of the cross-sections of the I-columns.

Table 3. Cross-section characteristics of the IB20, I30K1, and I40K columns.

Type h, mm b, mm S, mm t, mm R, mm F, cm2 Ix, cm4 Iy, cm4

20B1 200 100 5.6 8.5 12 28.49 1943 142.3
I40 383 299 9.5 12.5 22 112.91 30,556 5575.4

I30K1 298 299 9.0 14.0 18 110.8 18,848 6241
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The specimen types and coating thicknesses are summarized in Tables 4–7.

Table 4. Types of samples and thickness of plaster coating for different types of experiments.

Sample Structure Fire Protection Thickness, mm Fire

Sample No. 1.1 I40: A/V = 134 m−1, H = 2700 mm Plaster coating 32 mm S-curve
Sample No. 1.2 I40: A/V = 134 m−1, H = 2700 mm Plaster coating 32 mm S-curve
Sample No. 1.3 I40: A/V = 134 m−1, H = 2700 mm Plaster coating 32 mm H-curve

The plaster coating had a density of 300 kg/m3.

Table 5. Main parameters of samples with intumescent coatings.

Sample Structure Fire Protection Thickness, mm Fire

Sample No. 2.1 I50B2: A/V = 172 m−1, H = 1700 mm epoxy coating 9.20 mm S-curve
Sample No. 2.2 I50B2: A/V = 172 m−1, H = 1700 mm epoxy coating 8.40 mm H-curve
Sample No. 2.3 I14B1: A/V = 408 m−1, H = 1700 mm epoxy coating 10.30 mm H-curve
Sample No. 2.4 I14B1: A/V = 408 m−1, H = 1700 mm epoxy coating 14.44 mm H-curve
Sample No. 2.5 I14B1: A/V = 408 m−1, H = 1700 mm epoxy coating 6.30 mm S-curve
Sample No. 2.6 I14B1: A/V = 408 m−1, H = 1700 mm epoxy coating 8.75 mm S-curve

Table 6. Main parameters of samples with fire protection non-combustible covers.

Sample Structure Fire Protection Thickness, mm Fire

Sample No. 3.1 I20B1: A/V = 294 m−1, H = 1700 mm MIX PROPLATE 15 mm S-curve
Sample No. 3.2 I20B1: A/V = 294 m−1, H = 1700 mm MIX PROPLATE 15 mm H-curve
Sample No. 3.3 I20B1: A/V = 294 m−1, H = 1700 mm MIX PROPLATE 50 mm S-curve
Sample No. 3.4 I20B1: A/V = 294 m−1, H = 1700 mm MIX PROPLATE 50 mm H-curve
Sample No. 3.5 I40: A/V = 134 m−1, H = 1700 mm MIX PROPLATE 50 mm S-curve

The fire protection PROMIZOL-MIX PROPLATE had a density of 130 kg/m3.

Table 7. Main parameters of samples with fire protection boards on cement binder.

Sample Structure Fire Protection Thickness, mm Fire

Sample No. 4.1 I30K1: A/V = 157 m−1, H = 1700 mm “Pyrosafe-Austover T” 40 mm S-curve
Sample No. 4.2 I30K1: A/V = 157 m−1, H = 1700 mm “Pyrosafe-Austover T” 40 mm H-curve

The fire protection “Pyrosafe-Austover T” had a density of 650 kg/m3. Note: S—standard temperature curve; and
H—hydrocarbon curve.

The limit state of the specimen during the fire test was considered to have been reached
when the temperature of the specimen material reached 500 ◦C.

2.2. Modeling Method

The QuickField, Tera Analysis Ltd., Denmark, (in another version, ELCUT, LLC Tor,
Russia) software was used to build thermodynamical finite element models, taking into
account heat sources in blocks, edges, or individual vertices of the model [42]. QuickField
packages can be applied to various aspects of thermal model design—heat transfer, tem-
perature distribution, evaluation of local overheating, transient heating processes—and to
solve thermophysical problems with the purpose of verifying experimental data [38–41].

The heat transfer module was used to analyze the temperature distribution in static
and transient heat transfer processes. The heat sources in the heat transfer module can be
specified directly and/or imported from other QuickField problems (coupled problems) as
Joule Losses. Steady-state heat transfer analysis is possible not only in 2D Plane-Parallel
and 2D axisymmetrical formulations but also as a 3D Extrusion and a 3D Import.
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Mathematical models of the heat conduction process were applied, and the method
of solving inverse problems by heat conduction was used according to the system of
Equations (9)–(13) [43,44]:

- equation of heat conduction

cp · ρp · ∂θp
∂t = ∂

∂t

(
λp · ∂θp

∂x

)
;

0 ≤ x ≤ dp; θp = θp(x, t); 0 ≤ t ≤ tmax;
(9)

- initial condition

θp(x, 0) = θp; (10)

- boundary condition on the surface of the inverse heat conduction task at x ≤ dp

λp ·
∂θp
(
dp, t

)
∂x

= α∗ ·
(
θt − θp

(
dp, t

))
; (11)

α∗ = αc +
c0

θt − θp
(
dp, t

) ·
( θt + 273.15

100

)4
−
(

θp
(
dp, t

)
+ 273.15

100

)4
; (12)

- boundary condition on the inner surface of the fireproof coating at x = 0

λp ·
∂θp(0, t)

∂x
= ca · ρa ·

V
Ap

·
∂θp(0, t)

∂t
, (13)

where
x—coordinate in the fire protection coating (x = 0 corresponds to the point of con-

tact between the coating and the metal where the sample is measured, temperature
θa = θp (0, t));

cp—specific heat capacity, J/(kg·K);
ρp—density, kg/m3;
Ap/V—section ratio, mm−1;
λp—heat conductivity coefficient, W/(m·K);
t—time, s;
c0—calculation parameter; c0 = 0.57;
dp—thickness of fireproof coating, mm;
tmax—the maximum heating time of the sample, s;
αc—heat transfer coefficient on the outer surface of the fireproof coating, W/(m2·K);
ε = 0.7—the degree of blackness of the surface of the mineral coating [43];
θ0—initial temperature of the sample, ◦C;
θt—temperature in the firing furnace, ◦C.
The initial characteristics of steel were as follows: grade C245 [44]; density 7800 kg/m3;

and thermal conductivity and heat capacity variable depending on temperature (values
taken from the default program reference book). The boundary conditions are presented
in Table 8.

Table 8. Boundary conditions defined in SP QuickField.

Name of the Value Value Information Source

Convection heat transfer coefficient with
hydrocarbon temperature regime, W/(m2K) 50 [14]

Convection heat transfer coefficient with
standard temperature regime, W/(m2K) 25 [14]

Surface absorption coefficient 0.5 [45]
Initial ambient temperature, ◦C 20 -

For the boundary solutions of the third kind, material density was assumed to be inde-
pendent of temperature. To solve the problem with boundary conditions of the first kind,
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then the temperature should be set according to Equations (9) and (10) for the correspond-
ing mode. To determine the characteristics of the fire resistance of structures, mathematical
models of the heat conduction process were applied, and the method of solving inverse
problems of heat conduction was used, defined by the system of Equations (11)–(13).

Heat transfer coefficients were determined for different types of fire protection in
accordance with test protocols by solving the inverse heat conduction problem. The bound-
ary conditions and model verification for structures with fire protection were provided in
similar articles on this topic [30–40].

3. Discussion and Results
3.1. The Analysis of the GAPS Report [33,34] and Data Provided in the Standards

The data presented in Figure 7 can be used to perform first analyses of the fire resistance
for unprotected steel constructions under temperature conditions in accordance with S-
and H-curves and calculate the ratio of fire resistance, which we denote as the K-factor.
The corresponding calculations can be performed using the procedures and dependencies
provided in EN 1993-1-2 [14] (Figure 7a). Figure 7b presents the graph of the dependence of
the K-factor on the temperature for different plate thicknesses. Based on the approximations
of the aforementioned dependencies, the K-factor for a 5 mm thick plate at 500 ◦C is 3.3.
This value is consistent with the findings of a previous study [36,37], which reported a
coefficient of 3.6 for a for sections with a lower volume factor.
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Figure 7. Dependences of the steel temperature on the value of the time factor for S- [13,16] and
H-curves [7,14] (a), as well as the value of the K-factor (fire resistance ratio) on the chosen critical
temperatures (b).

The reports by GAPS [34] and AXA XL Risk Consulting [35] do not provide sufficient
details on material thickness, density, effective thermal conductivity, and other relevant
factors. This lack of information makes it challenging to draw conclusions about the
relationship between the value of the ratio of fire resistance limits for S- and H-fire curves
(K-factor) and the values of these factors. However, based on our data-processing results,
we can conclude that there is a monotonically decreasing relationship between the value
of the K-factor and the fire resistance limit. This relationship has a horizontal asymptote
at a value of 1 on the vertical axis. Based on the graph in Figure 5, the K-factor ranges
from 1.0 to 1.7 and has an average K = 1.6 for fire resistance limits of 90 min or less. For
fire resistance limits exceeding 90 min, K is approximately 1.2. The described relationships
are a result of the significant differences in the growth dynamics between the temperature
curves (see Figure 8) for test durations of up to 90 min.
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Figure 8. Ratio S/H (K-factor) of the fire resistance limit under hydrocarbon fire conditions to the
results of standard tests according to data from [34,35].

However, for test durations exceeding 170 min, the temperature described by the
S-curve is higher compared to the H-curve. It should be noted that the provided values for
the K-factor are only accurate for smaller structures (with a section factor Ap/V of less than
200 m−1). Additionally, the K-factor decreases as the structure becomes bigger. Therefore,
it may be necessary to generalize the data, including previously published materials by
the authors.

3.2. Steel Decks and Bulkheads with Mineral Wool Fire Protection

The study by [38] presents the thermophysical characteristics of mineral wool as a fire
protection material for various types of steel decks and bulkheads.

In the research, the authors used validated finite element models from QuickField
that were based on laboratory experiments to describe the dependence of the heating
process under different test conditions. The results were compared for bulkheads A-60 and
H-60. Figures 9 and 10 show a graphical description of the modeling. Proceeding, for the
purpose of this work, the models of bulkhead H-60 were predicted to obtain indicators
of temperature reaching 140 ◦C on the unheated surface for bulkhead A-80 (K-factor of
1.7–1.8 according to Figure 8); the A-60 model was predicted to obtain the H-30 bulkhead.
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A general view of the bulkhead corresponding to the H-60 variant used in the labora-
tory experiments is shown in Figure 11.
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The temperature on the unheated surface was measured during laboratory experi-
ments using thermocouples placed at specific points. Based on these data, the relationship
between temperature and time is established and presented graphically in Figure 12. The
authors set the task of predicting the time for reaching 140 ◦C in the H-60 bulkhead struc-
ture when subjected to the standard mode, trying to determine what fire resistance limit
could be obtained. Similarly, the authors tried to determine what parameter for H would
be most predicted if the A-60 bulkhead was to be subjected to a hydrocarbon regime.
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Figure 12. Dependences of the temperature on the unheated surface for bulkheads A-60 (a) and H-60
(b) for S- and H-curve fire conditions.

The laboratory experiments were also conducted for the following design variants:

- H-60 bulkhead: two layers of mineral wool, each 60/125 mm thick, density 150 kg/m3

- A-60 bulkhead: two layers of mineral wool, each 60/85 mm thick, density 100 kg/m3.

Based on the results obtained, we calculated the average value of the K-factor (Table 9).



Fire 2024, 7, 173 14 of 23

Table 9. K-factor for bulkheads A-60 and H-60.

Sample s, mm ρ, kg/m3 S-Curve, min H-Curve, min K = S/H

H-60 70/110 150 78 * 60 1.30
A-60 60/85 100 60 37 * 1.62

* Simulated values.

Figure 13 presents a graphical representation of the relationship between the coefficient
K-factor and the time for bulkheads A-60 and H-60, as obtained from the laboratory
experiments.
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Figure 13. Dependence of K-factor on time for bulkheads A-60 (a) and H-60 (b).

Thus, the simulation results for bulkhead H-60 were predicted to produce A-80, result-
ing in values typical of bulkhead A-78. H-30 was predicted for bulkhead A-60, resulting in
structural heating values characteristic of H-37. The lower K-factor was explained by the
fact that, in the experiment, lower density values were used for bulkhead A.

3.3. Fire-Retardant Plasters and Epoxy Coatings

Fire-retardant plaster compositions were tested to determine their thermophysical
properties based on the data provided in [39]. Table 10 shows the test results of I-beams
(height 2700 mm, section factor Ap/V = 135 m−1) covered with a 32 mm thick plaster layer
on a base of cement and vermiculite with density 300 kg/m3 for a critical temperature
value of 500 ◦C, as well as the calculated value of the K-factor.

Table 10. Test results of I-column with plaster coating.

Sample S-Curve, min H-Curve, min K = S/H

Sample No. 1.1 195 124 *
1.56Sample No. 1.2 183 118 *

Sample No. 1.3 187 * 120
* Simulated values.

The K-factor was obtained during laboratory experiments using sensors (thermo-
couples) installed on the surface of the tested samples. The results show a smooth ex-
tremum (maximum) in the plots of K coefficients plotted as a function of the time factor
(see Figure 14). This extremum is due to the evaporation of water from the plaster layer
within 25–50 min. At this time, the time of water evaporation on the graphs looks like flat
areas, and the temperatures are equalized [24]. Thus, the K-factor is equal to 1. During
the test, the surface temperature of the original sample reached the critical value of 500 ◦C
between 120 and 160 min. In the quasi-stationary regime, the K-factor decreased monotoni-
cally and approached the asymptotic value of 1 between 150 and 300 min. The temperature
of the standard regime exceeded those of the hydrocarbon regime (Figure 2), so the K-factor
decreased.
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Figure 14. Dependence of the K-factor for plaster-coated I-beam on the time.

Laboratory experiments were also conducted to determine the thermophysical proper-
ties of epoxy intumescent coating. The experiments considered prototypes of steel columns
covered with a dry layer of epoxy intumescent compound of varying thicknesses. In the
QuickField PC model, the thickness of the fireproofing coating was assumed to be equal
to the thickness of the dry layer before the formation of foam-coke. After the formation
of foam-coke, the average thickness of the fireproofing coating was taken as 40 mm in the
calculation [31].

Table 11 shows the test results of samples 2.1–2.2 of I-beams I50B2 (Ap/V = 172 m−1)
and samples 2.3–2.6 of I-beams I14B1 (Ap/V = 408 m−1) with a height of 1700 mm. All the
samples were coated with a layer of epoxy coating of various thicknesses. To obtain the
average coefficient, the value was interpolated depending on the thickness.

Table 11. Test results of I-columns with epoxy coating.

Sample Thickness, mm S-Curve, min H-Curve, min K = S/H

Sample No. 2.1 9.20 mm 120 -
1.26Sample No. 2.2 8.40 mm 95

Sample No. 2.3 10.30 mm cracked 65
Sample No. 2.4 14.44 mm - 125

1.71 *Sample No. 2.5 6.30 mm 93 -
Sample No. 2.6 8.75 mm 123 -

* weighted average value.

The value for sample 2.3 turned out to have been underestimated due to the fact
that the sample was cracked. Modeling of epoxy intumescent coatings in different modes
depends on the thickness and thermal conductivity of the foam-coke (density, cell size).
Such data are not available from manufacturers, so the K-factor is calculated only from
experimental data. In the calculation of the value of the K-factor, the difference in coat-
ing thicknesses was taken into account as a weighted average value of the ratio of fire
resistance limits.

Figure 15 shows the dependence of the K-factor on time when modeling the heating
of samples under different fire regimes. The graph indicates that the highest value of the
K-factor corresponds to a test duration of 15 min during the process of coke formation in
the epoxy coating.
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This high value of the K-factor can be explained by the chemical reaction of foam-coke
growth for epoxy paints and its different growth rate depending on the fire regime.

3.4. Fire Protection System with Basalt and Ceramic Fibers (Non-Combustible Covers)

The PROMIZOL-MIX PROPLATE system, developed by LLC “RPC PROMIZOL”
(Russia), is a flexible rolled-sheet material made of non-combustible glass fiber and silica. It
is installed on structures using special straps and fasteners, as shown in Figure 16.
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Figure 16. Non-combustible PROMIZOL-MIX PROPLATE system before, during, and after fire
exposure (180 min) according to an S-curve fire.

The thermophysical properties of a protective material were determined through labo-
ratory experiments based on five samples [40]. The results of the laboratory experiments
as well as the calculated value of the K-factor (for the critical temperature of 500 ◦C) are
summarized in Table 12. The K-factor corresponds to the results of laboratory experiments
performed in relation to the 20B1 beam (Ap/V = 294 m−1), taking into account the fire
protection system (density—130 kg/m3).

Table 12. Test results of steel columns covered with non-combustible PROMIZOL-MIX PROPLATE
system.

Sample Ap/V s, mm S-Curve, min H-Curve, min K = S/H

Sample No. 3.1, 3.2 294 15 60 30 2.0
Sample No. 3.3, 3.4 294 50 130 93 1.44

Sample No. 3.5 134 50 180 130 * 1.38
* Simulated values.

Figure 17 shows the graphical representation of dependencies of the K-factor for
samples No. 2 and No. 3 of the fireproofing material.
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Figure 17. Dependence of K-factor on time for steel columns covered with non-combustible
PROMIZOL-MIX PROPLATE samples No. 2 (a) and No. 3 (b).
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Figure 17 shows that, for sample No. 3, the highest value of the K-factor (2.2) corre-
sponds to a test duration of 30 min. For sample No. 5, the highest value of the K-factor
(1.57) is observed at a test duration of 20 min.

3.5. Portland Cement-Based Fireproofing Boards

The article by [41] presents the results of experiments on assessing the fire resistance
of steel structures using Portland cement-based fire protection (Figure 18a–c). Additionally,
it includes the results of the modeling temperature of construction under different fire
exposures (Figure 18d,e). Thermophysical characteristics of flame retardant boards were
determined by the authors on the basis of modeling and results of works in [46–48].
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Figure 18. The columns with structural fire protection before fire exposure (a), after fire exposure
S- curves, 240 min (b), after fire exposure H- curves, 180 min (c) and the results of fire exposure
modeling at a test duration of 25 min with S- (d) and H-curves (e) of fire.

It is important to note that it is difficult to conduct laboratory experiments to determine
the thermal conductivity of the considered coatings at temperatures above 300 ◦C. In this
case, it is recommended to conduct fire tests using the S-curve model with the subsequent
determination of the thermophysical characteristics of the materials by solving the inverse
problem of thermal conductivity. In [47,48], the characteristics of similar slabs consisting of
Portland cement reinforced on both sides with glass mesh and one-sided protective coating
are given. According to [47,48], the thermal conductivity of the slab at 25 ◦C is 0.3 W/(m-K),
with a specific heat capacity of 1444 J/(kg-K) and a density of 1100 kg/m3. «Pyrosafe-
Austover T» slabs have half the density of 650 kg/m3. The following characteristics were
obtained during modeling (Table 13).

Table 13. Thermal and physical properties of cement plates «Pyrosafe-Austover T».

T, ◦C 25 100 200 300 400 500 700 800 1000

λ, W/K·m 0.18
0.257 *

0.14
-

0.12
- 0.11 0.09 0.08 0.09 0.12 0.25

C, J/kgK 750/732 * 800/1068 * 815/1219 * 830/1164 * 840 850 870 880 910

* Experimental data according to [47,48].
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The calculated values of the K-factor obtained on the basis of the results of laboratory
experiments performed in relation to the considered structures are presented in Table 14.
The K-factor corresponds to the results of a laboratory test performed in relation to the
30K1 beam (Ap/V = 157 m−1)-protected boards on cement binder “Pyrosafe-Austover T”
(density 650 kg/m3).

Table 14. Experimental results of fire protection “Pyrosafe-Austover T”.

Sample Thickness,
mm

Critical
Temperature

S-Curve,
min

H-Curve,
min K = S/H

Sample No. 4.1 40 T = 632 ◦C 247 -
1.34Sample No. 4.2 40 T = 715 ◦C - 184

The fire model was built for a steel column with fireproofing plates on cement binder
“Pyrosafe-Austover T”. The K-factor was found to depend on the thickness and density of
the fireproofing layer, the initial heat capacity and thermal conductivity of the fireproof-
ing material, and the rate of change in thermal conductivity and heat capacity with the
increasing temperature of the material used. The graphs in Figures 19–21 demonstrate that
the thickness of the fireproofing material, the rate of change in its thermal conductivity
depending on the heating, and the density have the greatest influence on the K value.

The maximum value of the K-factor is observed in the temperature range of 0–100 ◦C,
which corresponds to the beginning of the fire test. With a further increase in temperature
(100 ◦C and above), the K-factor decreases monotonically and asymptotically approaches a
value of 1. This effect occurs because, under long fire exposure, the temperature difference
between the material in S- and H-fires tends to zero, resulting in a quasi-stationary state.

Figure 22 summarizes the experimentally substantiated values of fire resistance under
fire conditions in accordance to S- and H-curves, as well as the calculated values of the
K-factors for all the variants of fire-protected structures considered in this paper.
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Figure 19. Dependence of the K-factor on the value of the temperature of the material of the structure
at different parameters of fire protection: (a) thickness of the s, mm; and (b) density ρ, kg/m3.
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Figure 20. Dependence of the K-factor on the value of the temperature of the material of the structure
at different parameters of fire protection: (a) initial thermal conductivity λ, W/kg-K; and (b) initial
heat capacity c, J/kg-K.
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Figure 21. Dependence of the K-factor on the value of the temperature of the material of the structure
at different parameters of fire protection: (a) rate of change of thermal conductivity δλ, W/kg-K2;
and (b) rate of change of heat capacity δc, J/kg-K2.

The critical temperature value is 140 ◦C for the unheated surface of bulkheads and
500 ◦C for other types of fire protection.

Based on the obtained results, it is possible to objectively divide the ratio of fire
resistance limits into three groups: up to 90 min (inclusive), it is approximately equal to 1.7;
in the range from 90 to 180 min, it is 1.5; and starting from 180 min, it tends to 1. Due to the
great uncertainty and the need to consider each of the values from individual experiments,
we recommend taking values up to 180 min as 1.7 (rounding up) and after 180 min as 1.2.
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standard tests: experimental and literature data [34,35].

4. Conclusions

In construction practice worldwide, building structures are typically standardized
based on their fire resistance relative to cellulose fire, which is determined by the combus-
tion of wood.

However, the local standards of the major and largest corporations in the petrochem-
ical, oil, and gas industries prescribe the use of design curves where the temperature is
determined by burning hydrocarbons. The idealized cellulose and hydrocarbon curves
differ in the temperature increase during the first twenty minutes, but then level off.

The temperature rise is dependent on the section factor of the steel structure and the
thickness of the fire protection material. This research presents new experimental data on
the fire resistance of steel structures with various types of fire protection in hydrocarbon
fires. The types of fire protection analyzed include intumescent coatings, plaster compo-
sitions, structural protection based on basalt superfine fiber, and protection based on a
composition of cement binder.

This study shows that the fire resistance of a structure in a hydrocarbon fire is reduced
by a factor of 1.3–1.6 compared to the results obtained in a standard fire resistance test.
These K-factor values were obtained for temperatures of 140 ◦C in the case of flat surfaces
(decks, bulkheads, possibly walls, partitions, curtains). In addition, values were obtained
for temperatures of 500 ◦C in the case of vertical structures (columns). In the general trend,
in the region of the first 20 min of K exposure, the difference is 2.2–2.0 times, and then K
tends to 1.

It is important to note that this decrease can be mitigated through various fire protec-
tion options. The ratio can be influenced by the characteristics of the insulation material:
density, effective thermal conductivity, and heat capacity. Also, the location of the material,
the methods of fixing, and installation affect this coefficient. The recommended values for
the K-factor for fire resistance up to 180 min (incl.) are 1.7 and, after 180 min, 1.2.

The practical relevance of this study is that the vast majority of fire protection manu-
facturers, for improving the fire resistance of structures, first test structures in the cellulose
regime. For example, this is the case for fire curtains, coatings, and most fire protection
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formulations for structures that are tested in the standard regime. However, such struc-
tures may also be operated in a hydrocarbon fire regime in oil and gas facilities. Thus,
predicting the required material consumption for the required fire resistance time in a hy-
drocarbon regime will provide savings in the resources available for the required number
of experiments.
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