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Abstract: The experimental evaluation of fire resistance limits for steel constructions with fire-
retardant coatings consists of a lot of experiments on the heating of steel structures of buildings by
solving a heat engineering problem at various fire conditions. Building design implies the assessment
of compliance of actual fire resistance limits for steel constructions with the required limits. Fire
resistance limits for steel constructions are determined for “standard” temperature mode, and this
can lead to overestimated fire resistance and underestimated heat influence for a real fire. Estimation
of the convergence for “standard” temperature mode and possible “real” fire mode, as well as of the
compliance of actual fire resistance limits with real fire conditions, was realized in the following stages:
mathematical modeling of real fire development by the field model in software package Fire Dynamics
Simulation (FDS) with various fire loads and mathematical modeling of steel construction heating
for the standard temperature mode obtained by modeling “real” fire modes (the finite difference
method of solving the Fourier heat conduction equation at external and internal nonlinearities was
used for modeling the process of steel structure heating with the implementation in the ANSYS
mechanical software package). Experiments of the assessment of fire-protective paint’s effectiveness
were carried out for standard temperature mode and obtained by modeling “real” fire modes. The
equivalent fire duration dependence on fire load type was determined. This dependence can be taken
into account in determination of fire resistance limits for steel constructions in warehouse building
roofing. Fire-protective paint effectiveness was estimated for “standard” temperature mode and
various other temperature modes.

Keywords: steel structure; standard temperature mode; fire-retardant material; fire resistance estimation;
fire dynamics simulator software package

1. Introduction

Compliance with normative requirements for steel construction fire resistance limits
can be confirmed by experiments or calculation methods for standard temperature mode
conditions [1-4].

Standard temperature mode is a simple method for the assessment of building con-
struction fire resistance limits, which does not take into account the peculiarities of fire
development and spread in buildings. Frequently, the design of big logistic centers (ware-
houses) with their technological processes demonstrate the essential difference between
fire development dynamics (and “real” temperature modes) and “standard” temperature
mode. Therefore, the method of computer modeling of fire development can be used for
such buildings because of the high cost and impossibility of actual large-scale fire tests.
Software packages such as the Fire Dynamics Simulator (FDS), Phoenics, Fluent, Sofie,
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and the home-grown technology of professor Puzach S. are widespread nowadays and
present differential equation solutions (field method), taking into account that many factors
influence the dynamics of the dangerous factors of fire (space-planning solution, ventilation,
automatic fire suppression system, smoke-control system, wind, fire extinguishing agents
by fire brigades, etc.).

Warehouse building design assumes fire resistance level compliance with the fire
safety requirements taking into account approved design solutions. The evaluation of this
compliance is fulfilled for the standard temperature mode, and the application of this mode
can lead to overestimated fire safety parameters and the underestimation of heat influence.

The purpose of the research is to evaluate correct application of standard fire test
results for a modern warehouse building design with fire protection and without it.

The following tasks were solved to achieve this purpose:

1.  The modeling of fire spread in a warehouse building for various fire loads accepted in
the Russian Federation on the basis of multi-year experimental research taking into
account international experience;

2. Modeling of load-bearing construction heating for standard temperature mode and
for temperature modes from modeling process;

3. The equivalent fire duration was determined for load-bearing constructions and
the experimental evaluation of burning characteristics for fire-retardant paints were
fulfilled for various heat flows.

The practical value of the work is in reducing the number of experiments on evaluation
of fire resistance limits for steel constructions with fire-retardant coatings at various fire
conditions. The novelty of the investigation is the consideration of real fire load. The
hypothesis is that the behavior varies for structures with fire protection and without it.

The structure fire resistance rating is the time interval from the beginning of fire
exposure under standard testing conditions until one.

The structure with the actual fire resistance rating retains its load-bearing function for
the period of time necessary to ensure safety:

R¢ > Rreq (1)

where R¢ is the actual fire resistance rating value of the structure and Ryeq is the required
fire resistance rating value of the structure.

Many scientists investigated the evaluation of fire resistance for steel constructions
including J. Kruppa [5], I. Dorn [6], D. Tohr [7], A. Yakovlev [8], I. Molchadsky [9], V.
Roitman [10], and V. Golovanov [11].

This work is about the evaluation of the influence of real temperature mode on fire-
protective properties of fire-retardant paints and the fire resistance of steel constructions.

In order to estimate the equivalent fire duration, heat engineering calculations were
carried out for the steel structures of a building when it was exposed to the temperature
conditions of a standard curve and at exposure to the fire temperature conditions. Standard
temperature conditions, as well as fire temperature conditions, were considered for the
evaluation of the fire resistance of steel structures of the building. The field mathematical
model in Fire Dynamics Simulator (FDS) software package was used for the modeling of
fire temperature conditions.

In this work, the software complex FDS was used for the modeling of fire modes
in enclosures. The heat calculation for steel constructions was fulfilled in the software
complex ANSYS, using finite element methods for heat conductivity tasks.

Nowadays, many software complexes provide 3D fire modeling, as well as heating
processes for steel constructions (some of them are presented at [International Survey
of Computer Models for Fire and Smoke. Available online: www.firemodelsurvey.com
(accessed on 13 November 2021).

The most widespread software for field mathematical modeling (solving differential
equations) of a fire in the United States and in our country is the Fire Dynamics Simulator
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6 (FDS) (NIST, Gaithersburg, MD, USA) software package, which has certain verification
and validation features to determine the real temperature modes of fires. The FDS was
developed by the National Institute Standards and Technologies (NIST).

Systems of non-stationary equations for fundamental physical laws (conversation of
mass, impulse, and energy) can be solved in FDS by modern numerical algorithms.

Numerical methods for Navier-Stokes differential equations (field method of fire
spread modeling) provide proper modeling of fire for every stage of its development [12].

Temperatures are actualized in time by the Crank-Nicolson implicit scheme based on
numerical approximation for the solutions in an intermediate point (x,t + t/2). The discrete
method of radiant heat transfer calculation was applied for radiance flow modeling.

This method is based on the calculation of radiation in the selected characteristic
directions in the room between the walls (or surfaces limiting the calculation area) with
the subsequent calculation of heat loss by radiation in the energy equation for each control
volume. Two types of combustion models are used in the FDS software package: the
combustion model for direct numerical simulation (DNS) and the combustion model for
large eddy simulation (LES). The radiative heat transfer model solves the radiative heat
transfer equation in a non-scattering gray atmosphere. In the fire model in the FDS software
package, the system of equations is approximated on one or more linear grids. Combustible
materials and building structures are represented by rectangular objects that correspond to
the main grid. Thermophysical characteristics are assigned to all surfaces of combustible
materials and building structures. The basic principle for determining the temperature in a
room during a fire is associated with the law of conservation of energy. The conservation
of energy for each zone considered is expressed in the fact that the energy added to the
zone is equal to the energy lost by the zone. The energy produced by the fire and added to
this zone is equal to the energy lost by the zone through radiation and convection, plus the
energy lost by the zone through the openings of the room.

The stability of materials and structures in operation and under fire exposure con-
ditions is associated with the creation of new effective types of flame-retardant coatings.
The halogen-free, flame-retardant, waterborne polyurethane, and eco-friendly coatings
have synergistic effects [13-20]. Using recombinant adhesive proteins as durable and green
flame-retardant coatings was considered.

The thermal effect on the flame-retardant coating, regardless of whether the effect
comes from the substrate or from the outside, can cause reversible and irreversible processes.

The former is associated with the weakening of intermolecular interaction in the
structure of the coating and characterize heat resistance, and the latter is associated with
the breakage of chemical bonds: these processes reflect thermal resistance. Irreversible
chemical changes in the structure of the flame-retardant coating are associated with their
chemical bond energy. The paint composition components—pigments, plasticizers, and
other additives—significantly affect heat aging [21-23]. The degradation of coatings slows
down in the presence of pigments with reflective properties or acting as heat stabiliz-
ers, and, on the contrary, it accelerates when pigments serve as catalysts or initiators of
chemical processes.

Figures 1 and 2 show examples of flame-retardant coatings for steel structures.

Most buildings consist of metal structures (Figures 1 and 2). The development of
a methodology for assessing the flammability of building materials and structures is
necessary to reduce the flammability of materials with flame-retardant coatings [22,23]. It
should be noted that in the process of operation, the building materials and structures are
subjected to structural change processes. One such process is heat aging, which is also a
prime example of the impact of anthropogenic factors, in particular operation in elevated
temperature conditions.
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Figure 1. Steel beam fire protection.

Figure 2. Vertical steel member fire protection.

2. Materials and Methods

Steel metal structures are the main supporting framework of buildings, and their
strength and fire resistance play a key role in fire conditions. Various methods and means
of protection are used to increase the fire resistance limits of structures. It is known that one
of the effective ways to protect steel structures in case of fire is thin-layer polymer coatings
that can increase many times when heated. The fire-retardant coatings are multi-component
formulas. The basis of a fire-retardant coating is a polymeric binder and fillers, as well
as stabilizers of the foamed coal layer. In case of fire, the coating structure bloats, and a
fine-meshed layer of coating with low thermal conductivity is formed, as a result of which
the heating of metal structures is slowed down dramatically and the limit state is achieved
before the loss of strength at 500 °C.

2.1. Warehouse Description

Steel structures were used as the building’s load-bearing elements. Farms are made of
bent-welded profiles, and horizontal links are made of bent-welded profiles. The building
has two gates and the entrance door. The walls of the building contain 32 windows. The
following were accepted as the fire load in accordance with reference data [13,14]: textile
products, rubber and its products, ethyl alcohol, cables and wires, shredded cotton, paper
in rolls, packaging (wood, cardboard, and polystyrene), radio materials, industrial oil, and
cotton in bales. Identifying the attributes of a profession in the practice and regulation of
fire safety engineering were investigated by [15]. The application of the integration of BIM,
IoT, and AR/ VR technologies for fire safety was analyzed in recent studies [16-18].
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The paint chosen for this study is proposed to be tested by standard temperature mode
according to the GOST 30247.0 and by various heat flows.

Fire tests of the paint for the standard temperature mode were carried out at a steel
column according to the GOST R 53295-2009. The test specimen was the I-shaped steel
column Ne20 according to the GOST 8239-89 with a height of 1.7 m (metal effective thickness
of 3.4 mm). The undercoat layer thickness GF-021 was 0.05 mm. The paint thickness A was
0.85 mm.

The radiative panel according to the GOST 30402 was used to estimate heat flow
influence on paint characteristics. The test specimens were carbon steel metal plates of
100 x 100 mm, with a thickness of 3 mm. The steel plate temperature was recorded by
two thermocouples TXA (K) located on an unheated surface. The thermocouples were
located in the center related to the specimens with a distance of 30 mm between them. The
undercoat thickness GF-021 was 0.05 mm. The paint thickness A was 0.5 mm.

The evaluation of the fire resistance rating of the building structures with flame-
retardant coatings according to the standard fire test temperature conditions, without
taking into account the specific fire load or the control of fire protection coatings, can lead to
an underestimation of the actual fire resistance rating, which negatively affects the safety of
the entire building [24-28]. This is particularly relevant when examining structures under
the effect of anthropogenic factors (fire), including emergency situations. For example, this
is relevant for metal structures (Table 1).

Table 1. Analysis of flame-retardant coatings for metal structures.

c . Fire Resistance Dry Layer Thickness, . . Indoor/Outdoor
Description Rating—Mass Factor mmry—Flz),w Rate, kg/m? Drying Time, h Application Type (Base)
Unikum
flame-retardant paint R45-2.4 R60-3.4 0.8-0.6 1.2-0.9 12 indoors water
for steel structures
BICOAT FIRE
a 101brand R45-3.4 R60-3.4 0.85-1.51 1.25-2.23 4 indoors organic
ame-retardant paint
for steel structures
DEKOTERM R
flame-retardant paint R45-3.4 R90-5.8 0.87-1.48 1.75-2.95 6 indoors organic

for steel structures
OZK-45 brand

flame-retardant paint R45-3.4 R60-3.4 R90-5.8 1.07-1.93 1.72-3.10 1.77-3.19 8 indoors water

for steel structures

EKOTERM-S brand
flame-retardant paint
for treatment of steel

structures

R90-5.8 1.71-2.52 6 indoors water

Steel used for the manufacture of load-bearing building structures, being a non-
combustible material, changes its properties when exposed to high temperatures. Fire
resistance ratings for most unprotected metal structures are in the R10 range. The reasons
for such low fire resistance ratings are the high thermal conductivity of metal and a decrease
in strength characteristics when exposed to heat, as well as the development of thermal
and plastic deformations.

Data for steel: density of 7800 kg/m?>, heat conductivity coefficient of 48-3.65-10-
2T Wt/m °C, specific heat capacity of 0.44 + 4.8-10-4 T kJ/kg °C, and emissivity factor
of 0.74.

The results of the steel thermal characteristics changing were obtained experimentally
and presented in [29-33].

2.2. Research Methods

The evaluation of the correct application of some standard fire test results for a modern
warehouse building was investigated in this study.
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The following objectives were formulated: the choice of real fire load and the choice of
equivalent fire duration.

The method allows us to reduce the number of experiments on the evaluation of fire re-
sistance limits for steel constructions with fire-retardant coatings at various fire conditions.

The results can be achieved by FDS simulation. The research is presented according
to the standard temperature mode for various fire loads: cables and wires, industrial oil,
and ethanol.

The methods, used to study the operational properties under the effect of anthro-
pogenic factors (fire), consider the factors that may affect the reduction of fire protection
efficiency of the coating. For example, a large number of hydrophobic flame-retardant
coatings lose from 50% to 100% of their fire protection efficiency after a month in actual
operating conditions due to the accumulation of moisture and various aggressive vapors
and gases. The limit state is the state of the structure in which it ceases to meet the oper-
ational requirements, i.e., it either loses the ability to resist external impacts or receives
unacceptable deformation or local damage, causing further operation to be unacceptable
or inexpedient.

The actual fire resistance rating is determined using GOST 30247.1-94 or using calcula-
tion methods.

In GOST 30247.1-94 (Building Structures. Fire Resistance Test Methods. Load-Bearing
and Enclosing Structures), the limit state for the load-bearing capacity loss is the structural
collapse or ultimate deformations (R). In addition, this document regulates the limit states
for thermal insulating capacity (I), which is limited by reaching the limit temperatures on
the unheated surface, as well as loss of integrity (E) when holes and cracks occur, leading
to the combustion products and flames entering through them. The assessment of fire
protection efficiency of flame-retardant coatings for metal structures is carried out using
GOST R 53295-2009, “Fire Retardants for Steel Structures. General Requirements. Method
for Determining Fire Protection Efficiency”, which describes the method for determining
the time of reaching the limit state, characterized by the critical temperature inside the
sample or on its unheated side.

The ventilation opening in this study was the object simulating the fire load in FDS
software package. In order to assess the temperature on the surface of steel structures of the
upper truss belt, sensors (thermocouples) were placed with a pitch of 1 m, and the average
volume temperature at the height of 4.7-6.5 m was also measured. During the calculations,
the gates of the building were open, while the windows were closed.

The load-bearing structures of the building cover are shown in Figure 3.

10,740
2675 2675 o0
/G245
-106 -106 A
1 1 —————
N A N/
12 \ v%o @ 1/;’ 12
e o N
N1E8 g o158
1 : 1
8 I
A=118H| "C245 |300 300] C245 |A=118H

Figure 3. Structural elements with various cross-sections and thicknesses (dimensions in mm).

The structural element dimensions are shown on the Table 2.
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Table 2. Structural element dimensions.

. . . Cross-Section Perimeter of Heated Effective Metal
Element Cross-Section Dimensions, mm Py .
Area, mm Surface, mm Thickness, mm
1 rectangular a=160,b=160,h=5 3100 640 4.84
2 rectangular a=140,b=140,h =5 2700 560 4.82
3 rectangular a=100,b=100,h=5 1900 400 4.75

The calculation was performed under the condition of temperature change of the
heating medium in the time along the standard fire curve (Table 3).

Table 3. Calculation parameters.

Parameter Formula Note
Coefficient a, W/(m? deg), from the a.—the convective factor; a,—the
heatin mediu,m with temgelrature tg, T () =& radiant factor; s,—the reduced
o tl%e surface with temperature tB ’ & =t + &y + 29 + 5.77x S, x emissivity factor of the heating medium
P 0 and structure surface.

Reduced emissivity factor Sy = ﬁ

s—the emissivity factor of the furnace
fire chamber. S = 0.85; syp—the
emissivity factor of the heated surface
5% of the structure; sy = 0.74 for
unprotected steel structures.

The calculation of the temperature of the structure metal rod was performed accord-
ing to the algorithm, which represents a number of formulae obtained on the basis of
solving the boundary problem of heat conductivity of elementary balance methods (fi-
nite difference method of solving the Fourier heat conduction equation at external and
internal non-linearities).

The temperature of steel structures was calculated using the above formulae sequen-
tially in the calculated time intervals AT up to a given critical value. The initial temperature
at all points of the structure cross-section before the fire and ambient temperature outside
the fire zone was determined to be 20 °C (th = 293 °K). The value of the calculated time
interval AT (program pitch) was selected so that it would fit an integer number of times in
the interval of the machine record of the calculation results; the selected value AT would
not exceed the value calculated using the formula in Table 4.

Table 4. Calculation parameters of steel structures.

Parameter

Formula Note

Ysw — metal specific weight, kg/ m3; a and tey —
maximum possible values in the calculation; C —
metal heat capacity coefficient, J/ (kg deg); Dem —

Maximum design time interval ATor = Ystw-of-(C+Dem-tem) coefficient of metal heat capacity change at heating,
max — — 5~
ATimax * ]/ (kg degz); Oef — effective thickness of metal, m;
Oe ;= %, F—cross-sectional area of the rod, m?;
P—heated perimeter of the rod cross-section, m.
tem, ar—rod temperature in the calculated time interval
AT, 9K; to—rod temperature at a given time T, 0K;
tp—temperature of the heating medium at a given time
Algorithm for calculating the 7, 9K; a—heat transfer coefficient from the heating
temperature of unprotected metal temar = Ww-(tlg «—to)+ 1ty medium to the structure surface, W/(m? deg);
v Sw* : cm tem 4 e . . .
structures of Cen—initial metal heat capacity coefficient, J/ (kg deg);

Dn—coefficient of change of heat capacity of metal at
heating, J/ (kg deg?); y—metal specific weight,
J/(kg/ md); 5Ef—effective thickness of metal, m.
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Models of farm elements were constructed for the thermal engineering calculation in
the ANSYS mechanical software package.

The analytical model was used to estimate the heat transfer and flame retardancy
under different heat fluxes. While the heat transfer model adopted for the experimental
gas furnace and electric furnace installations is widely known [34—40], it is also applicable
to steel specimens protected by intumescent coatings and has been tested in a “mass loss
cone calorimeter” installation.

The heat transfer mechanism between the heater and the protected steel plate is shown
in Figure 4.

Radiant panel
Radiation
ReradiationT TConvection
‘ Intumescent
dJ‘ coating
Steel plate

iThermal conductivity

Figure 4. Schematic heat transfer model for an intumescent flame-retardant protected steel plate.

As with unprotected steel, the specimens are exposed to the heat flux at the surface
level. In contrast to the heat transfer model for an unprotected steel plate, the presence
of an insulating material (intumescent coating) reduces the temperature penetration rate
through the steel plate. Moreover, in the study [34-39], the heat transfer model includes
three types of different heat losses between the heat source and the steel sample. When the
steel is heated, it transfers heat to the environment in the form of convection (convective
heat transfer coefficient «c) and reradiation (steel radiation coefficient es). In addition, a
small amount of heat energy is dissipated from the bottom of the steel plate sample through
the insulating material.

The mathematical model is based on the assumption that the heat flux is one-dimensional
and that the radiant plate and the steel sample with the flame-retardant coating are treated as
two parallel planes. In this model, the radiative and absorptive capacities of the intumescent
coating are assumed to be constant. The authors of [19,20] confirmed that good results were
obtained considering a constant emissivity of 0.92, which is close to the values obtained in
other studies [40-42]. In addition, the mathematical model assumes that the intumescent
coating has a density of 1000 kg/m?> and a specific heat capacity of 1000 ] /kg-K. As the heat
absorbed by the intumescent coating is extremely low, there is no need to apply exact values
of the intumescent coating temperature, density, and specific heat capacity.

The heat transfer model described is derived from simple thermal balance equations:
at the boundaries of the steel sample, the amount of heat passing through the conical heater
to the steel sample is equal to the amount of heat released by the steel sample through
convection and radiation and to the amount of heat absorbed by the intumescent paint and
steel to increase their temperature (heat energy increment).

Based on this, the heat quantity Q (J) passing through the radiant panel to the insulated
steel section during the time interval t can be expressed as:

AQ = D‘pﬂrAsAt — Qloss A, )
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where ay is the absorption capacity of the intumescent paint, g, is the heat flux from the
cone heater to the protected plate surface (W/m?), As is the area of the exposed steel surface
(m?), At is the time increment (s), and Qys, is the heat loss from the opposite side of the
plate (J/s).

On the other hand, the amount of thermal energy AU (J) emitted and absorbed by the
protected steel sample can be expressed as:

AT, + ATy

5 ppCpApdp + ATspscs Asds 3)

AU = [ep0Ty +he(T, = To) |-Asnt +
where ¢, is the radiating capacity of the intumescent paint, and ¢, = 0.92; ¢ is the Stefan—
Boltzmann constant (5.67-10-8 W/m?2-K*); T, is the surface temperature of the intumescent
paint (K); k. is the convective heat transfer coefficient (20 W/m?2-K); T, is the ambient
temperature (K); A; is the area of the open steel surface (m?); At is the time increment
(s); AT is the steel temperature increment (°C); ATP is the intumescent paint surface
temperature increment (K); pp is the intumescent paint density (1000 kg/m?); ¢, is the
specific heat capacity of the intumescent paint (1000 J/kg-K); A is the area of intumescent
paint surface (m?); dj, is the thickness of the intumescent paint dry film (M); ps is the steel
density (kg/m3), and ps = 7850 kg/m?3; c; is the specific heat capacity of steel (J/kg-K); and
ds is the plate thickness (m).

Considering the above formulae, the heat transfer model for protected steel specimens
can be obtained by comparing Formulas (3) and (4), i.e., he boundary of the steel specimen
the amount of heat AQ passing through the radiant panel to the steel section during the
time interval At is equal to the amount of heat energy AU emitted and absorbed by the
steel substrate:

Q

loss ATP + AT AT,
As

S
2At ppcpdp + Wpscsds (4)

Xplr — = spo'T;f +he(Ty — Ta) +

Equation (4) has three uncertain variables: the absorption capacity of the intumescent
paint a, the heat loss from the opposite side of the plate Qj,s; through the thermal insulation
material, and the surface temperature of the intumescent paint T,. The heat accumulated
in the intumescent coating is very low when the intumescent paint has reached its full
expansion. In addition, the heat accumulated in the steel plate is a relatively small amount.
Thus, we can state that after reaching the quasi-stationary conditions of the system, the
surface temperature of the intumescent coating should approach a constant value, which
depends on the radiation level. Consequently, the heat flux value generated by the radiant
panel is much larger than that of the other three variables of the formula, and thus they can
be neglected.

However, the temperature of the intumescent coating T), is very difficult to estimate,
and it can only be estimated using sophisticated equipment, such as the thermographic
phosphor method. Thus, without this information it is not possible to determine the thermal
conductivity of the intumescent coating for this experimental setup.

Following the previous approach, the thermal conductivity of the intumescent coating
can be obtained using the following formula:

Ty —Ts ATy
Ap d = Qloss = Fpscsds %)
r

As Qs is negligible, T, can then be calculated using Formula (6), which can ultimately
be expressed as follows:
SPUT;I +hc(Tp - Tu) =dqr, (6)

Thus, by recording ¢, 7, he, T;, and g,, we can calculate the temperature surface
Ty of the intumescent coating and p. The thermal conductivity (equivalent) is obtained
using Formula (5), applying the initial thickness of the dry coating layer. As the surface
temperature of the intumescent coating is difficult to estimate and can only be done using
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special equipment (thermographic phosphor method), in this work, the paint surface
temperature was calculated using Formula (6). The data used for calculation were as
follows:

- heat flux 20 kW/m?2, 30 kW/m?2, 40 kW /m?, and 50 kW /m?;
- ep = 0.95;

- T, is the temperature is measured inside the plate;

- 0 is the Stefan—Boltzmann constant.

The obtained calculation results are as follows: for 20 kW / mz—Tp = 355 °C, for
30 kW/m>—T, = 470 °C, for 40 kW/m>—T, = 554 °C, and for 50 kW /m?—T, = 620 °C.

The following approach was also suggested to evaluate the efficiency of the intumes-
cent coating. Specifically, the ability of the intumescent coatings to reduce heat penetration
and the temperature of the steel substrate was evaluated for efficiency considerations. The
effectiveness of intumescent coatings was related to the ability of the passive fire protection
system to reduce the temperature of the protected steel plate relative to the unprotected
steel plate. Many different formulations were proposed, but the one with the greatest
physical significance was selected. Regarding the radiant panel experiment, the temper-
ature of the protected and unprotected steel plate increased during the test time due to
exposure to radiation. After a certain amount of time, which depended mainly on the heat
flux, the two temperatures reached a constant value until the end of the experiment. This
aspect is related to the fact that the intumescent paint develops its coked cellular material
structure in such a short period of time, but it is difficult to detect degradation. Thus, the
best efficiency of the intumescent coating should be represented by an increasing function
that reaches a constant value during the experiment: firstly, the paint expands and, thus, its
thermal resistance increases; secondly, it retains its own thermal insulation properties.

As a result, the authors propose to express the effectiveness of the intumescent coating
via the efficiency coefficient K., which is calculated using Formula (7):

Tsn. — Ts.p.

Tom @

K =
where: Ts ;. is the temperature of the steel plate without intumescent coating (K) and Ts .
is the temperature of the steel plate with applied intumescent coating (K).

This evaluation method can be applied to analyze both the results obtained in the
fired heater and under the exposure to the radiant panel. Thus, a broader understanding
regarding the characteristics of intumescent coatings exposed to different fire temperature
conditions can be obtained.

Moreover, in order to compare the flame-retardant properties of paint formed under
fire conditions and “standard” temperature conditions, the authors propose to introduce a
new concept of “fire durability of flame-retardant paint”, which characterizes the ability of
paint to retain its flame-retardant properties under fire conditions. Fire durability of the
examined flame-retardant paints can be estimated using efficiency coefficients calculated
using Formula (8):

Koy 1
K. ®)
ef.i

Kfire durability =

where K, is the coating efficiency under the “actual” fire conditions and Ky is the coating
efficiency under the “standard” fire conditions.

3. Results and Discussion
3.1. FDS Modeling Results

The results of numerical simulation of the fire temperature conditions based on refer-
ence data are presented in Figure 5.
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Figure 5. Modeling of standard fire temperature conditions.

The determined temperature conditions for cables and wires, industrial oil, and ethyl
alcohol fire loads showed that the standard temperature conditions have lower maximum
temperature values. For the rest of the fire loads specified above, the values of maximum
temperatures obtained through numerical experiment are lower than under standard
temperature conditions.

Heat flux values applied to the coating structures were also obtained based on the
results of modeling in the FDS software package (Figure 6).

260 S
250
240
230
220
210
200
190
180
170
160
150
140
130
120
110
100
90
80
70
60
50
40

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120
Time, min.

Manufactured goods Flax fiber warehouse Loose cotton

Cotton baled warehouse Roll paper warehouse Container wood

Radio materials Industrial oil

Rubber products

— Ethyl alcohol Cables + wires

Plexiglas warehouse

Figure 6. Heat flux values applied to coating structures.

3.2. ANSYS Modeling Results

The results of the calculations are given in Table 5 and in Figures 7-9.
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Table 5. Comparative results of steel structure measurements.

Structure Heating Time, min.

Structure Type Temperature, °C
1* 2* 3% 4* 5% 6* 7* 8* 9* 10* 11* 12* 13*
160 x 160 x 5 66 136 72 4.6 - 1.7 8.2 5.0 - 111 74 23 241
140 x 140 x 5 400 66 136 72 4.6 - 1.7 8.2 5.0 - 111 74 23 241
100 x 100 x 5 65 135 71 4.5 - 1.7 8.1 4.9 - 11.0 73 22 240
160 x 160 x 5 74 143 77 52 - 1.9 8.6 5.6 - 11.7 81 26 258
140 x 140 x 5 450 74 143 77 52 - 1.9 8.6 5.6 - 11.7 81 26 258
100 x 100 x 5 74 143 77 52 - 1.9 8.6 55 - 11.7 8.0 25 257
160 x 160 x 5 84 150 82 6.0 - 22 9.0 6.2 - 124 89 29 279
140 x 140 x 5 500 84 150 82 6.0 - 2.1 9.0 6.2 - 124 89 29 278
100 x 100 x 5 83 150 82 6.0 - 2.1 9.0 6.2 - 124 88 29 277
160 x 160 x 5 95 158 89 7.0 - 24 9.5 7.1 - 132 9.8 33 303
140 x 140 x 5 550 95 158 89 7.0 - 24 9.5 7.1 - 132 9.8 32 303
100 x 100 x 5 95 157 89 6.9 - 24 9.4 7.0 - 131 97 32 302
160 x 160 x 5 109 16.7 9.7 8.4 - 2.7 9.9 8.1 - 141 108 3.7 34.0
140 x 140 x 5 600 109 16.7 9.7 8.3 - 2.7 9.9 8.1 - 141 108 3.6 340
100 x 100 x 5 108 167 97 8.2 - 2.6 9.9 8.1 - 140 107 3.6 339
160 x 160 x 5 127 177 107 10.7 - 3.0 103 97 - 152 122 41 520
140 x 140 x 5 650 127 177 107 10.6 - 30 103 97 - 152 122 41 520
100 x 100 x 5 126 177 107 10.5 - 29 103 96 - 151 121 4.0 520
160 x 160 x 5 152 190 123 16.7 - 33 108 126 - 170 144 46 -
140 x 140 x 5 700 152 190 122 16.7 - 33 108 126 - 170 143 4.6 -
100 x 100 x 5 151 190 122 167 - 32 108 125 - 169 143 45 -
Note. * Items in the table: 1—Standard temperature conditions; 2—industrial Goods; 3—Rubber products; 4—flax
fiber Warehouse; 5—plexiglass Warehouse; 6—Ethyl alcohol; 7—Cables + wires; 8—loosened Cotton; 9—paper
Warehouse in rolls; 10—packaging (wood + cardboard); 11—radio materials; 12—Industrial oil; 13—cotton
Warehouse in bales. The “-” sign in the table means that the specified temperature in the table does not occur
during the calculation.
1400
1300
1200
© 1100
o 1000
< 900
5 800
= 700
g 600
g— 500
o 400
= 300
200
100
0

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120
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Prexiglass warehouse —— Ethyl alcohol

Cablestwires Loosened cotton

— Paper warehouse in rolls —— Packaging, wood+cardboard+polystyrene

Radio materials Industrial oil

The stock of cotton in bales

Figure 7. Rectangular 160 x 160 x 5 mm pipe.
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Figure 8. Rectangular 140 x 140 x 5 mm pipe.
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Figure 9. Rectangular 100 x 100 x 5 mm pipe.

For the considered fire loads, the heating time up to 400-700 °C for building structures
can vary significantly and, in some cases, the time is lower than under the standard
temperature conditions. Fire loads, such as flax fiber storage, ethyl alcohol, shredded
cotton, industrial oil, and rubber goods provide values of the equivalent duration of fire
that are higher than the duration of fire, which indicates an underestimation of the thermal
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influence of actual fires on steel structures of warehouses under the effect of standard
temperature conditions. Heating curves for various specimens under various temperature
conditions are shown in Figures 7-9, and the equivalent fire duration depending on the
type of fire load is shown in Figure 10.

16
£ |
I Y. 7 Y.
g ¢ J o
=12 ——
ol il At AlF —
510 f l / / /.'
5 o]
MEFR. J?f ;s Nl
= 6
% 0 5 10 15 20 25 30 35 40 45 50 55
5 Time, min.
=
—@— Manufactured goods Rubber products
Warehouse of flax fiber Ethyl alcohol
—@— Cables+wires —®— Loosened cotton

—@— Packaging, wood+cardboard+polystyrenc —@— Radio materials

—@— Industrial oil —@— The stock of cotton in bales

Figure 10. Equivalent fire duration depending on the type of fire load.

Figure 10 demonstrates that the equivalent fire duration for the following fire loads—
flax fiber warehouse, ethanol, shredded cotton, industrial oil, and rubber technical goods—
is bigger than fire duration, which means there was an underestimation of the heat influence
of “real” fire on steel constructions for warehouse buildings for the standard temperature
mode. The fire resistance loss by the bearing capacity for the roof truss at the most “critical
real” temperature mode, obtained by modeling results, begins at the 2nd and 4th minutes
for the “standard” temperature mode and at the 6th and 15th minutes for the critical
temperatures of 400 and 700 °C, respectively. The numerical experiment results demonstrate
that only the standard temperature mode application led to the underestimation of actual
fire resistance limits for roof load-bearing constructions.

The methodology of the investigation can be used to analyze both the results obtained
in the fired heater and under exposure to the radiant panel. Finally, the characteristics of
the intumescent coatings exposed to different fire temperature conditions can be analyzed
more properly in future research.

Further, comparing the flame-retardant properties of paint formed under fire condi-
tions and “standard” temperature conditions, the authors introduce a new concept of “fire
durability of flame-retardant paint”, which characterizes the ability of paint to retain its
flame-retardant properties under fire conditions.

The FDS simulation results demonstrate that the temperature effect on the structure
according to the standard temperature mode for the following fire loads—cables and wires,
industrial oil, and ethanol—turned out to be less, which indicates an underestimation of the
thermal effect on the structure. The results of modeling demonstrate that the heating time
of the coating truss to 400-700 °C for the following fire loads—cables and wires, industrial
oil, and ethyl alcohol—is less than the time obtained from the results of standard tests,
which indicates an initial underestimation of the actual fire resistance of steel structures for
warehouse buildings.

The results of the numerical experiment show that the heat flux density values can
reach 280 kW /m?, while in most cases, during the first 10 min, the heat flux density values
did not exceed 50 kW /m?.
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The obtained heat flux density values were applied in a series of experiments to
study the effect of heat flux on the formation of flame-retardant properties of paints under
fire conditions.

3.3. Fire Test Results for Fire Paint

The results of heating for protected and unprotected constructions for various heat
flows are presented in Figure 11.

10 20 30 40 50 60

Time, min

Standart temperature =~ ———30 Kw/m2 40 Kw/m2 50 Kw/m2

Figure 11. Temperature of unprotected specimens.

Figure 11 presents the temperature of the unprotected I-shaped steel column profile
Ne20 for the standard temperature mode and the temperature of the unprotected steel plate
(thickness 3 mm) for various heat flows.

Figure 12 presents the temperature of I-shaped steel column profile Ne20 with fire paint
for the standard temperature mode.

Figure 13 presents the temperature of the steel plate (thickness 3 mm) with fire paint
for various heat flows.

For the protected and unprotected specimens, the average temperature of steel was
estimated as the average value for the thermocouple registrations. Therefore, within
Equation (7), the effectiveness of the fire paint was calculated from point to point and is
presented at Figure 14.

The experimental results demonstrate that fire paint effectiveness for the standard
temperature mode is higher than for the heat flow of the radiative panel. It was also
confirmed that fire paint effectiveness depends on the heat flow value; more precisely, the
effectiveness was lower in the first 20 min at the density 30 Kw/m? compared with the
densities 40 Kw/m?2 and 50 Kw/m?2, which varied unessentially.
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Figure 12. Temperature of steel specimen.
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Figure 13. Curves of heating for steel plates (thickness 3 mm), with a heat flow density of 30 Kw/m?,
40 Kw/m?, and 50 Kw/m?.
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Figure 14. Fire paint effectiveness by experiment results.

4. Conclusions

Numerical experiments in the software package FDS confirmed that the temperature
influence on load-bearing constructions for standard temperature mode was lower in three
cases (total 12)—cable and wire, industrial oil, and ethanol—which demonstrated heat
influence underestimation.

The results of heat modeling for constructions in the software package «ANSYS
mechanical» confirmed that the heating time for the roof truss up to 400-700 °C for the
mentioned fire loads was less than the time obtained by “standard” temperature mode
heating, which demonstrated an underestimation of the actual fire resistance limits for steel
constructions in the design projects of warehouse buildings.

The investigations of fire paint demonstrated that its effectiveness for various tempera-
ture modes varied and increased with the heat flow increasing. The application of the paint
investigated for steel constructions to increase their fire resistance limits in the buildings,
where the fire mode can essentially vary from “standard”, only based on standard fire
test results, is incorrect because of the dependence of fire paint characteristics on “real”
fire conditions.

The above-mentioned results demonstrate that the comparison of actual fire resistance
limits and required normative values with the standard temperature mode, without consid-
ering the real fire load, can lead to an underestimation of the heat influence and actual fire
resistance limit, which can have an adverse effect on the fire safety of warehouse buildings.

The evaluation of fire resistance limits for steel constructions with fire-retardant coat-
ings at various fire conditions was based on a large number of experiments [43,44]. Taking
into account the real fire loads led to the correct estimation of the actual fire resistance
rating, which adversely affects the safety of the entire building. This is especially true for
structures that can be used without fire protection.
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Comparing the flame-retardant properties of paint formed under fire conditions and
“standard” temperature conditions, the authors propose to introduce a new concept of “fire
durability of flame-retardant paint”, which characterizes the ability of paint to retain its
flame-retardant properties under fire conditions.

The assumption of underestimating the thermal effect of a standard temperature
mode on steel structures of modern warehouse complexes was confirmed for 3 of the
12 considered fire loads, namely cables and wires, industrial oil, and ethyl alcohol.
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