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Abstract: The problems of the fire safety of oil and gas facilities are particularly relevant due to
the increasing complexity of technological processes and production. Experimental studies of steel
structures with three different types of plasters are presented to determine the time taken to reach
the critical temperature and loss of bearing capacity (R) of the sample, as a result of reaching a
rate of deformation growth of more than 10 mm/min and the appearance of the ultimate vertical
deformation. The simulation of the heating of steel structures showed a good correlation with the
results of the experiment. The consumption of the plaster composition for the steel column was
predicted, which allowed a 38% reduction in the consumption of fireproofing. It was found that
to obtain the required fire resistance limit, it is necessary to consider the fire regime and apply
plaster compositions with a thickness of 30-35 mm, depending on their thermal characteristics. The
dependence of thermal conductivity and temperature on density is obtained, showing that the use of
plaster compositions with a density of 200 to 600 kg/m3 is optimal to ensure a higher fire resistance
limit. It is shown that the values of thermal conductivity of plaster compositions at 1000 °C are higher
by 8-10% if the structure is exposed to a hydrocarbon fire regime. It is shown that the values of the
heat capacity of plaster compositions at 1000 °C are higher by 10-15% if the structure is exposed to a
standard fire regime.

Keywords: oil and gas facility; steel structure; plaster composition; fire protection; thermal
characteristics; hydrocarbon and standard fire regimes

1. Introduction

The accelerated pace and increase in production processes, as well as urbanization
in modern conditions, are inseparably connected with the use of energy-intensive tech-
nologies and hazardous substances that increase the potential threat to human health and
life, the environment and the material base of production [1,2]. The number of techno-
logical accidents and disasters, among which the leading position is occupied by fires, is
constantly growing, so today most developed countries, including Russia, are moving to a
security strategy based on the principles of the prediction and prevention of technological
accidents [3-5].

Oil and gas facilities are characterized by the presence and handling in large quanti-
ties of explosive and flammable materials and substances, technological equipment and
pipelines, the lack of a sufficient number of fire breaks and significant horizontal and
vertical dimensions, which increase the probability of fire in emergency situations [6-8].
It is quite common for oil and gas facilities to be located near settlements, or near urban
areas. Accidents with fires and explosions on offshore oil and gas platforms can lead to
catastrophic consequences, the elimination of which may require the involvement of forces
and resources at the level of one or even several states [9,10].

Fire tests do not provide clear information about the thermal properties of materials
in a fire, since the temperature values during the fire exposure are mostly recorded. The
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development and improvement of methods for assessing the fire risk for substances used
in oil and gas facilities allows more accurate prediction of the consequences of fires and
explosions, and the provision of the necessary protective measures [11,12]. Software
packages have the ability to solve thermal engineering problems, including the provision of
the required fire resistance limit, calculated under “parametric,” standard and hydrocarbon
fire regimes, under the action of the design load and calculation of the necessary and
sufficient amount of fire protection [13]. The main temperature-dependent properties
required for thermal modeling are thermal conductivity, specific heat capacity and density.
The numerical simulation requires the introduction of correct input data on material
properties and boundary conditions to obtain realistic results of structure heating. For
example, in [14], it is recommended for the second kind of boundary conditions to take the
convective heat transfer coefficient for the standard temperature regime, 25 W/m?2-K, and
for the hydrocarbon regime, 50 W/m?-K.

The steel structures of oil and gas facilities in an accident accompanied by fire and
explosion are subjected to high temperature and overpressure according to the hydrocar-
bon regime, at which, in the first minutes of the fire, the temperature reaches 1000 °C
and above [15]. The steel structure strength becomes drastically lower within the range
of 400-600 °C, while in the case of an applied load, the unprotected structure almost
immediately loses its stability. For this reason, structures that can withstand higher tem-
peratures and blast shock-waves, i.e., those protected with fireproofing, must be used at
hazardous facilities.

Methods of fire protection are selected not only taking into account the required
fire resistance limit of the steel structure, type of load, but also taking into account the
temperature and humidity conditions of operation and production of fire protection works.
Based on the analysis of scientific and technical literature [16-19], there are three ways
of protecting steel structures against fire: the application of intumescent coatings, plaster
compositions or the use of structural fire protection. Figure 1 shows a scheme of the means
and methods of the fire protection of steel structures [20].

Fire protection of
supporting steel structures

\
y

. L N

Intumescent coatings Plastering (not intumescent Structural fire protection
compositions)
/ | N
5 > . i i Gypsum boards . . »
Intumescent paints (thin Intumescent mastics, _ Plasters, including Elag Mineral wool boards, Flexible intumescent fire
coatings), 6=3 mm coatings, 623 mm lightweight (6=10-60 mm) VE”'”EUM: fﬁoam glass, basalt fiber rolls protection

Figure 1. Means and methods of fire protection of steel structures.

Structural fire protection is often used in harsh climates. For example, in [20], tests of
steel structures with structural fire protection on the example of super-thin basalt fibers in
the Arctic region were demonstrated; the evaluation of various means of fire protection was
carried out, the results of which showed that the most effective coatings for harsh Arctic
conditions are materials containing super-thin basalt fibers. In [21], studies on structural
fire protection used to increase the fire resistance limit of building structures used in oil
and gas facilities are presented. Intumescent coatings based on epoxy binders, which have
resistance to chemical and climatic influences, and, when the temperature rises, swell up,
forming a foamcoke that protects the structure. Intumescent coatings, considered a form
of passive fire protection for steel structures, have proven their durability and reliability
under hydrocarbon fire regimes in marine conditions over many years. In [22], it is shown
that intumescent coatings are one of the effective means of passive fire protection of steel
structures in conditions of increased risk to the objects of the oil and gas facilities and
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offshore platforms. In [23], a hydrocarbon fire test of a steel panel is given to evaluate the
charring strength of intumescent coatings based on silicone and epoxy resin.

The third method of fire protection of metal structures is the use of plaster compositions
with a thickness of 25-60 mm, recommended for use in dry areas (with relative humidity
less than 65%), applied on a steel mesh and used to increase the fire resistance limit of metal
structures up to 2 h or more (Figure 2). This study considers the building structures used
inside the oil and gas facilities, to ensure the required fire resistance limit for which plaster
compositions are used.

S 7

Figure 2. Steel structures with the fireproofing plaster compositions.

Fireproof plaster compositions are made on the basis of silicate liquid glass, building
plaster, aluminous cement, on Portland cements. Expanded or unexpanded vermiculite,
perlite, diatomite, crackle, volcanic pumice, volcanic tuff, etc., are used as an aggregate. Fi-
brous fillers are also used, such as kaolin wool and other mineral fibers and asbestos [24,25].

In [26], tests of high-density clay and lime plaster compositions applied to wooden
structures are demonstrated to determine their thermal properties under standard temper-
ature regime. Experimental studies are confirmed by numerical simulations. The results
demonstrate the low fire retardant effectiveness of clay and lime plaster. The study [27]
aims to provide an overview of the fire tests conducted, accompanied by studies of the
thermal properties of clay and lime plaster as a fire retardant material for wood. In [28],
the dependence of the thermal conductivity of powder plaster on the temperature of the
heating cylinder is considered, which demonstrates a decrease in thermal conductivity
between 50 °C and 110 °C and a further increase in its values. In [29], experimental studies
of the properties of perlite plaster, gypsum fireproof boards and intumescent coatings
for steel elements exposed to natural fire with a heating rate and subsequent cooling of
10 K/min and 20 K/min are presented; the specific heat capacity and thermal conductivity
of the selected fireproof materials are investigated. In [30], the thermal characteristics of
gypsum plaster using polystyrene as an aggregate were studied; it was shown that the
thermal conductivity of plaster compositions is decreased by reducing the density. In [31],
steel I-sections with a plaster fireproofing coating were tested under a hydrocarbon fire
regime with a fire protection efficiency of 120 min; temperature dependencies throughout
the fire test were obtained without determining the thermal characteristics of the plaster.
In [32], a comparative analysis of various types of fireproof plaster is conducted on the
following parameters: chemical composition, fire resistance, strength, density and layer
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thickness, and the prospects for the development of gypsum fireproof compositions are
predicted. Thus, the thermal characteristics of the plasters obtained as a result of studies to
determine the possibility of their use as a fire-retardant material differ not only in values
over the duration of the fire exposure, but also in the dynamics of growth. Nevertheless,
thermal characteristics are necessary to predict the behavior of structures under exposure
to various fire regimes.

The purpose of this article is to simulate experimental data for determining the fire
resistance limits of load-bearing steel structures, coated with plaster fireproofing com-
positions, under the exposure to standard and hydrocarbon fire regimes to obtain the
calculated thermal characteristics of plaster coatings, to predict the fire resistance limits
of steel structures and deformations under the combined action of constant static and
thermal loads.

2. Materials and Methods

In this paper, experimental studies of three types of plaster compositions, each of
which is a mixture of Portland cement, vermiculite and other binders with target additives
and fillers: “Ignis-Lite” (PROZASK LTD), “Monocot” (Krilak LTD) and “Cafco Fendolite
MII” (Isolatek International) were conducted. These plaster compositions are often used as
fire protection on the steel structures of oil and gas facilities.

Tests of experimental samples (“Ignis-Lite”—samples No. 1.1 and No. 1.2 and
“Monocot”“—sample No. 2.1) to determine the time taken to reach a critical state in the
process of four-sided fire exposure were carried out under the conditions of a furnace
chamber of the standard temperature regime according to ISO 834 [33], characterized by
dependence (1):

T—Ty =345 x 1g(8t + 1), 1)

where T means the temperature inside the furnace in °C, corresponding to the relevant
time t; T is the temperature in °C inside the furnace prior to the start of heat impact;  is
the time in minutes from the start of the test.

Tests of experimental samples (“Ignis-Lite”—sample No. 1.3, “Monocot”—sample
No. 2.2 and “Cafco Fendolite MII”"—samples No. 3.1 and No. 3.2) to determine the
time taken to reach a critical state in the process of four-sided fire exposure were carried
out under the conditions of a furnace chamber of the hydrocarbon temperature regime
according to EN 1363-2: 1999 [34], characterized by dependence (2):

T—T, = 1080 x (1 —0.325 x 0167t _ 0,675 x e*2‘5t>. @)

The furnace chamber temperature was measured by means of thermoelectric trans-
ducers with a switching head uniformly distributed along the height of the sample in five
places, and on the test samples the temperature was measured by three-cable thermoelectric
chromel-alumel thermocouples, installed in the middle of the height of the test sample.

For samples No. 1.1-No. 1.3 an No. 3.1-No. 3.2, which are load-bearing vertical
structures, the limiting condition in the fire resistance test was the loss of bearing capacity
(R) due to the collapse of the structure or the appearance of limit deformations [35]. Tests
for samples with coatings No. 2.1 and No. 2.2 were conducted until the limit state,
characterized by reaching the critical temperature of the steel of the sample, equal to
500 °C (average temperature of three thermocouples). The preparation of samples for tests,
conditions of fire tests, determination of limiting states of structures and evaluation of the
results of the experiments are regulated in [33]. The tests were carried out in the testing
laboratory of FGBU VNIIPO EMERCOM of Russia (Balashikha, Moscow, Russia).

The vertical deformation of the test samples during both loading and testing was
measured with a deflectometer.

Numerical simulations are used to evaluate the methodology, predict the behavior
of building structures, obtain temperature distributions, stress and strain fields [36-39].
Generally, the numerical model will first be validated with experimental data and then
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analyzed to better understand the performance of the structure under both mechanical
and fire conditions. The software package (SP) ELCUT [40] was used to simulate the
thermophysical processes of the steel structures under consideration, in which the pos-
sibility of the numerical simulation of fire resistance of structures has been repeatedly
confirmed by the authors of scientific papers. For example, in [37] the temperature fields
during fire exposure of modern windows and facade glazing elements are considered; it
is shown that ELCUT makes it possible to predict the behavior of building structures at
elevated temperatures and to show the temperature distributions and stress fields. In [38],
a simulation of heating of offshore stationary platform structures in SP ELCUT is given,
which showed good correlation with the experimental data; the consumption of mineral
slabs for the bulkhead structure is predicted and the parameters of thermal conductivity
and the heat capacity of the applied fire protection in the temperature range from 0 to
1000 °C are specified. In [39], the results of large-scale fire tests of lightweight thin-walled
steel structures for fire protection efficiency in the SP ELCUT are presented. As a result,
temperature-time curves of metal structures in the standard fire regime were obtained,
which showed a good correlation between the simulation and the experimental data.

2.1. Experiments on Steel Structures

Experimental studies of steel structures with three different types of plasters are
given. Experimental samples with coatings No. 1.1-No. 1.3 were identical structures with
different thicknesses of the applied plaster coating, tested under the impact of standard
and hydrocarbon fire regimes. Two identical experiments were conducted to confirm the
results obtained under the conditions of a standard fire regime in the furnace fire chamber
for samples with coatings No. 1.1 and No. 1.2. Experimental samples with coatings No. 2.1
and No. 2.2 were identical structures with different thicknesses of the applied plaster
coating, tested under the impact of standard and hydrocarbon fire regimes, respectively.
Experimental samples with coatings No. 3.1 and No. 3.2 were identical structures with
different thicknesses of the applied plaster coating, tested under the impact of hydrocarbon
fire regime. Two identical experiments were conducted to confirm the results obtained
under the condition of creating a hydrocarbon fire regime in the furnace fire chamber for
samples with coatings No. 3.1 and No. 3.2. The main parameters of samples with plaster
compositions are shown in Table 1.

Table 1. The main parameters of samples with plaster compositions.

Sample SS[(Z;;isi)sn Height, mm Sf;ﬁ:),nl I[{:zti o Thirﬂ(nlless, Fire Regime
Sample No. 1.1 40H-beam 2700 134 32 Standard
Sample No. 1.2 40H-beam 2700 134 32 Standard
Sample No. 1.3 40H-beam 2700 134 32 Hydrocarbon
Sample No. 2.1 50B2 1700 172 33 Standard
Sample No. 2.2 50B2 1700 172 47 Hydrocarbon
Sample No. 3.1 30K1 3000 159 30 Hydrocarbon
Sample No. 3.2 30K1 3000 159 30 Hydrocarbon

According to [43], test samples with coatings No. 1.1, No. 1.2 and No. 1.3 were
equipped with support plates with a thickness of 40 mm and tested under a constant
static load equal to 195.22 kN (19.9 tf), as specified by the customer, under the condition of
vertical compression with hinged support on one side and rigid fixing on the other side
of the column. The test load on the samples was set 30 min before the test and was kept
constant during the whole time of the experiment.

According to the customer’s requirements, tests for samples with coatings No. 3.1 and
3.2 were carried out under constant static load equal to 294 kN (30 tf) under the condition
of vertical compression with hinged support on one side and rigid fixing on the other side
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of the column. The test load on the samples was set 60 min before the test and was kept
constant during the whole time of the experiment.

2.2. Simulation in SP ELCUT

As a simulation tool, the program SP ELCUT is used, which allows the heat sources to
be set in blocks, edges or individual vertexes of the model by the finite element method.
In the simulation of heating, the thermal conductivity equation is used in the flat

case (3) [44]:
0 oT 0 oT oT
e (M) oy (g ) = - G ©

where T is the temperature in °C; ¢ is the time in seconds; A means the components of the
thermal conductivity tensor in W/(m-K); g is the specific power of heat source, determined
by the Fourier’s law, in W/m?; ¢ is the specific heat capacity in ]/ (kg-K); and p is the density
in kg/m?3.

A number of boundary conditions, such as temperature, heat flow, convection and
radiation, are set at the outer and inner boundaries of the computational domain. The
value of T is given as a linear function of coordinates. The heat flow is described by the
following relations (4) and (5) [40]:

F, = —gson the outer borders, 4)

FEf — F; = —gson the inner borders, (5)

where F; is the normal component of the density vector of heat flow, where “+” and “—"
mean “left of the border” and “right of the border,” respectively, in W/m?; g5 is the power
surface of the source for the inner border and for the outer, the known value of heat flow
through the border in W/ m?2.

Convective heat transfer is determined according to (6) [14]:

Fo=ax(T—-T), (6)

where a is the convective heat transfer coefficient in W/m? K; Ty is the ambient temperature
in K.

The radiation condition is set at the outer border of the model; the radiation heat
transfer is determined according to (7) [40]:

Fy = kgp X B x (T4 - Tg), @)

where ksp is the Stefan-Boltzmann constant in W/(m?-K*); B is the surface absorption
coefficient; and Ty is the temperature of an absorbing medium in K.

Initial steel characteristics: steel grade C245 [45]; density 7800 kg/m?3; thermal conduc-
tivity and heat capacity are variable depending on temperature (values are taken from the
program reference book).

The boundary conditions are presented in Table 2.

Table 2. Boundary conditions set in the SP ELCUT.

Name of the Value Value Information Source

Convection heat transfer coefficient at

standard temperature regime, W/ (m?-K) 25 [14]
Convection heat transfer coefficient at 50 [14]
hydrocarbon temperature regime, W/ (m?-K)
Surface absorption coefficient 0.5 [44]
Initial ambient temperature, °C 20 -
Time step for calculating the temperature 60 .

gradient of the structure, seconds
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The characteristics of the plaster compositions for steel columns used under standard
and hydrocarbon temperature regimes are presented in Table 3. It is assumed that the
density value is taken according to the manufacturer’s information and does not change
during heating.

Table 3. The main characteristics of plaster compositions.

Plaster Coating p, kg/m® A, Wim-K) Cp, J/(kgK) Thickness,
20°C 100 °C 300 °C 20°C 100 °C 300 °C mm
Sample No. 1.1 300 0.086 0.077 0.089 420 900 1750 32
Sample No. 1.2 300 0.086 0.077 0.089 420 900 1750 32
Sample No. 1.3 300 0.086 0.078 0.091 420 900 1720 32
Sample No. 2.1 220 0.060 0.053 0.068 350 600 1160 33
Sample No. 2.2 220 0.060 0.054 0.072 350 600 1140 47
Sample No. 3.1 775 0.190 0.182 0.191 450 930 1800 30
Sample No. 3.2 775 0.190 0.182 0.191 450 930 1800 30

3. Results and Discussion
3.1. Results of Experiments on Steel Structures

The fire resistance limit of the sample with coating No. 1.1 was reached at the 195th
minute of fire exposure, due to the loss of its load-bearing capacity (R), as a result of
reaching a rate of deformation growth of more than 10 mm/min and the appearance of
the limit vertical deformation (more than 27 mm), which was 80.5 mm at the end of the
fire exposure. According to the customer’s requirements, the testing of the sample with
coating No. 1.2 was stopped at the 183rd minute of fire exposure, and the limit state for the
load-bearing capacity of the structure (R) was not reached by the sample. At the end of the
test, the vertical deformation of the sample with coating No. 1.2 was 7.9 mm. The average
temperature of the thermocouples installed on the surface of the steel columns was 720 °C
(for sample with coating No. 1.1) and 680 °C (for sample with coating No. 1.2). No external
changes in the condition of the fire retardant coatings were recorded (Figure 3). According
to the test results, it was found that the fire resistance limit of the 40H-beam steel I-beam
section columns with a height of 2700 mm and with coatings No. 1.1 and No. 1.2, with an
average thickness of the dry coating layer of 32 mm tested under the constant static load
equal to 195.22 kN (19.9 tf), subject to creation of standard temperature conditions in the
fire chamber, is at least 183 min, which corresponds to the classification R 180.

According to the customer’s requirements, the testing of the sample with coating
No. 1.3 was stopped at the 123rd minute of fire exposure, and the limit state for the
load-bearing capacity of the structure (R) was not reached by the sample. At the end of
the test, the vertical deformation of the sample with coating No. 1.3 was 13.2 mm. The
average temperature of the thermocouples installed on the surface of the steel columns was
474 °C. No external changes in the condition of the flame retardant coating were recorded.
According to the test results, it was found that fire resistance limit of the 40H-beam steel
I-beam section column with a height of 2700 mm and with coating No. 1.3, with an average
thickness of the dry coating layer of 32 mm tested under the constant static load equal to
195.22 kN (19.9 tf), subject to creation of hydrocarbon temperature conditions in the fire
chamber, is at least 123 min, which corresponds to the classification R 120.
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Figure 3. Test sample with coating No. 1.1 (a) and with coating No. 1.2 (b) after fire test.

The fire resistance limit of the sample with coating No. 2.1 was reached at the
121st minute of fire exposure, as it reached a critical temperature of 500 °C. During the test,
no visible changes in the external condition of the flame retardant coating were recorded.
According to the test results, it was found that fire resistance limit of the 50B2 steel I-beam
section column with a height of 1700 mm and with coating No. 2.1, with an average
thickness of the dry coating layer of 33 mm tested under standard temperature conditions
is at least 123 min, which corresponds to the classification R 120.

The sample with coating No. 2.2 was not recorded reaching the critical temperature of
500 °C; the test was completed according to the customer’s requirements. During the test,
no visible changes in the external condition of the flame retardant coating were recorded.
At the end of the test, the average temperature of the thermocouples installed on the
surface of the steel columns was 215 °C. According to the test results, it was found that
fire resistance limit of the 50B2 steel I-beam section column with a height of 1700 mm and
with coating No. 2.2, with an average thickness of the dry coating layer of 47 mm tested
under hydrocarbon temperature conditions is at least 125 min, which corresponds to the
classification R 120.

The fire resistance limit of the sample with coating No. 3.1 was reached at the
124th minute of fire exposure, due to the loss of its load-bearing capacity (R), as a re-
sult of reaching a rate of deformation growth of more than 10 mm/min and the appearance
of the limit vertical deformation (more than 30 mm), which was 45 mm at the end of the
fire exposure. The fire resistance limit of the sample with coating No. 3.2 was reached
at the 126th minute of fire exposure, due to the loss of its load-bearing capacity (R), as
a result of reaching the rate of deformation growth of more than 10 mm/min and the
appearance of the limit vertical deformation (more than 30 mm), which was 38 mm at the
end of the fire exposure. At the time the test samples reached the limit state for loss of
load-bearing capacity (R), the average temperature on the thermocouples installed on the
surface of the steel columns was 710 °C (for the sample with coating No. 3.1) and 707 °C
(for the sample with coating No. 3.2). According to the test results, it was found that fire
resistance limit of the 30K1 steel I-beam section column with a height of 3000 mm and with
coatings No. 3.1 and No. 3.2, with an average thickness of the dry coating layer of 30 mm
tested under the constant static load equal to 294 kN (30 tf), subject to the hydrocarbon
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temperature conditions in the fire chamber, is at least 124 and 126 min, which corresponds
to the classification R 120.

Figure 4 shows the time-temperature and deformation curves of steel columns with
plaster compositions under standard and hydrocarbon regimes during the fire test. The
graph shows the averaged values of thermocouple values, located in the middle of the
height of the test samples. According to the results of the experimental study of samples, it is
clear that in the period from 25 to 50 min there is a brightly defined area of evaporation [46].
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Figure 4. Temperature and deformation curves of samples during fire tests.

3.2. Results of Simulation in SP ELCUT

As a result of the simulation, visualizations of the heating of steel I-beam columns
from a top-down viewpoint were obtained (Figures 5-8).

(b)

Figure 5. Scheme of samples with coatings No. 1.1-No. 1.3 and visualization of heating of sample
No. 1.1 (a); scheme of samples with coatings No. 3.1 and No. 3.2 and visualization of their heating (b).
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(a) (b)

Figure 6. Scheme of sample with coating No. 2.1 and visualization of its heating (a); scheme of
sample with coating No. 2.2 and visualization of its heating (b).
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Figure 7. Temperature scale in standard fire regime, °C.
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Figure 8. Temperature scale in hydrocarbon fire regime, °C.

According to the simulation results, the temperature-time dependencies at the location
of the thermocouple point in the middle of the surface of the test samples under the
standard (Figure 9) and hydrocarbon (Figure 10) fire regimes were obtained. The graph
shows the averaged values of thermocouple values, located in the middle of the height of
the test samples.
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Figure 9. Experimental and calculated temperature curves of samples during fire exposure under
standard fire regime.



Buildings 2022, 12, 630

11 0f 19

Temperature, °C
[=)) ~J oo
(=] (=] (=]
(=] (=] (=]

th
(=1
(=]

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 100105 110 115120 125

Time, min
Sample No. 1.3 (experiment) ~  eeeves Sample No. 1.3 (simulation) Sample No. 2.2 (experiment)
------ Sample No. 2.2 (simulation) Sample No. 3.1 (experiment) +eeeeeees Sample No. 3.1 and 3.2 (simulation)
Sample No. 3.2 (experiment) Hydrocarbon time-temperature curve Temperature limit value

Figure 10. Experimental and calculated temperature curves of samples during fire exposure under
hydrocarbon fire regime.

As seen in Figure 9, the graph for sample with coating No. 2.1, which has a comparable
thickness of coating (33 mm) to samples with coatings No. 1.1 and No. 1.2 (32 mm), but
which has a lower density value (220 kg/ m?) and a lower heat capacity value (350 ] /K-kg),
increases with a higher rate until reaching the limit state at the 121st minute, characterized
by reaching the critical temperature of 500 °C. The graph for the sample with coatings
No. 1.1 and No. 1.2, which have a higher density value (300 kg/m?) and a higher heat
capacity value (420 J/K-kg), shows a smoother temperature rise until the end of fire
exposure at 195 min (for the sample with coating No. 1.1) and at 183 min (for the sample
with coating No. 1.2).

As seen in Figure 10, the graph for sample with coating No. 3.1 and 3.2, which
have a higher density (775 kg/m?) and higher values of thermal conductivity (at 20 °C,
0.190 W/m-K), grows with a higher rate before reaching the limit state, characterized
by the appearance of the limit vertical deformation (more than 30 mm). The graph for
the sample with coating No. 2.2, which has a lower density (220 kg/m?3), but has the
largest thickness of the fire retardant composition (47 mm) and the lowest value of thermal
conductivity (at 20 °C, 0.060 W/m-K), after 55 min of heating demonstrates a smooth
increase in temperature, without reaching the limit state (500 °C). The graph for sample
with coating No. 1.3, which has average values of coating thickness (32 mm), density
(300 kg/ m3) and thermal conductivity (at 20 °C, 0.086 W/m-K), beginning at 70 min,
shows average values of temperatures.

The dependence on time of deformations under the combined action of constant static
and thermal loads was obtained in SP ELCUT using the connection of the tasks of unsteady
heat transfer and mechanical stresses and strains (Figure 11).
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Figure 11. Experimental and calculated deformation curves of samples under the combined action of
constant static and thermal loads.

As seen in Figure 11, the sample with coating No. 3.1 was the first to achieve loss
of bearing capacity under the combined action of thermal and mechanical loads due to
the application of a larger constant static load equal to 294 kN (30 tf). According to the
experiment, the test of the sample with coating No. 1.3 was stopped at the 123rd minute
of fire exposure, and the limiting condition of the load-bearing capacity of the structure
(R) was not reached by the test sample, and the vertical deformation was 13.2 mm. A time
taken to reach the limit state as a reaction of the deformation growth rate of more than
10 mm/minute and the appearance of the limit vertical deformation (36 mm) at 145 min
was predicted for the sample as a result of simulation. The achievement of the limit state
for bearing capacity of the sample with coating No. 1.3, subjected to a hydrocarbon fire
regime, was achieved faster in comparison to sample with coating No. 1.1, subjected to the
standard fire regime.

During consideration of the samples with coatings No. 1.1-No. 1.3, No. 3.1 and No.
3.2 in the top view in SP ELCUT, visualization of the changed shape of the steel I-beam
samples under the action of constant static and thermal loads is shown (Figure 12).
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Figure 12. Visualization of changed shape and displacement vectors under combined mechanical
and thermal loads for samples No. 1.1 (a), No. 1.2 (b), No. 1.3 (¢) and No. 3.1 and No. 3.2 (d).

To determine the value of the ultimate vertical deformation at the end of the fire
exposure, a section model of steel I-beams with coatings No. 1.1-No. 1.3, No. 3.1 and
No. 3.2 was built in SP ELCUT (Figure 13). Deformation values for the height of steel
I-beams are shown on the right side of the sample.
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Figure 13. Scheme of samples with coatings No. 1.1-No. 1.3 (a) and No. 3.1 and No. 3.2 (b) in section
by height and visualization of changed shape and displacement vectors under combined action of
mechanical and thermal loads for samples No. 1.1 (c), No. 1.2 (d), No. 1.3 (e), No. 1.3 when reaching
the limit state (f) and No. 3.1 and No. 3.2 (g).

According to the experiment, the test of sample with coating No. 1.3 was stopped
at the 123rd minute of fire exposure, the limiting condition of the load-bearing capacity
of the structure (R) was not reached by the test sample, and the vertical deformation was
13.2 mm. For sample with coating No. 1.3, which had been taken to the limit state (up to
145 min) by simulation, the limiting value of deformation was 36 mm.

3.3. Optimization of Plaster Thickness

The calculated values of temperatures and deformations for the structures considered,
obtained from the results of simulation in SP ELCUT, perfectly correlate with the experi-
mentally obtained values of temperatures and deformations in any period of time. Using
the example of the sample with the coating No. 2.2, which did not reach the limit state
according to the results of the experiment, an evaluation of the thickness of the plaster
composition used and simulation of variants of the consumption of fireproof plaster under
the hydrocarbon regime of fire was carried out. The graph shows the averaged values
of the thermocouple, located in the middle of the height of the test samples. The fire
resistance limit of the steel column with coating No. 2.2, having a plaster thickness of
47 mm, corresponds to the R 120 classification. Figure 14 shows the different thickness
of the plaster composition obtained from the simulation (from 47 mm to 25 mm). With
a fireproofing layer of a thickness of 29 mm, the temperature at 120 min reaches 491 °C,
which indicates the optimal thickness at which the required fire protection efficiency in the
hydrocarbon fire regime is provided.
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Figure 14. Variations of flame retardant application for sample with coating No. 2.2.

3.4. Determination of the Optimal Density of the Plaster Composition

Depending on the nature of the binder and fillers, plasters have different physical and
thermophysical characteristics: density, thermal conductivity and heat capacity. When the
amount of Portland cement in the dry mixture is more than 35% of the total volume, density
in the dry state is over 1000 kg/m?3 and the thermal conductivity under normal conditions
(20 °Q) is, 0.371 W/m-K. On the other hand, an amount of perlite of more than 80% of the
total volume provides plaster with a density of 400 kg/m? and a thermal conductivity of
0.139 W/m-K [47]. Thus, the assumed content for the plaster compositions considered in
this study with a density of 220 kg/m?3, 300 kg/m? and 775 kg/m3 contains an approximate
binder—filler ratio of 8-92%, 11-89% and 27-73%, respectively.

It is known that the fire retardant properties of plaster compositions are affected by
the density and coefficients of heat capacity and thermal conductivity, depending on the
temperature and the nature of the binder and filler of the plaster [46]. To determine the
density at which the greatest fire resistance is provided, the temperature curves of clay and
lime plaster compositions obtained by fire testing under the standard temperature regime
were analyzed [26] (Figure 15).
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Figure 15. Experimental temperature curves of samples covered with plaster compositions.

As seen in Figure 15, the graphs for the samples with clay and lime plasters with
high density (1610-1800 kg/m?) grow at a higher rate, demonstrating low fire resistance
limits compared to the samples with coatings studied in this work, and a lower density
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(220 to 775 kg/m?). Thus, the sample with coating No. 3.1 (775 kg/m?>) shows a sharper
temperature rise from the 60th minute; the sample with coating No. 2.1 (220 kg/m?)
shows a sharper temperature rise from the 70th minute; the sample with coating No. 1.2
(300 kg/ m3) shows a smoother temperature rise due to the balanced binder/filler ratio.

3.5. Determination of the Dependence of the Coefficient of Heat Capacity on Temperature

In [29], experimental studies of the properties of perlite plaster under heating and
subsequent cooling at a rate of 10 K/min and 20 K/min show that the specific heat capacity
has a rapid increase when heated to a pronounced peak characterized by the dehydration of
mineral binders and a subsequent decrease in the values of heat capacity. It is shown that
at lower heating rates pronounced peaks are observed earlier. According to the results of
the simulation of the specific heat capacity for samples with plaster compositions, no peaks
were found when exposed to the hydrocarbon fire regime, characterized by a rapid heating
rate; throughout the fire exposure there is a steady increase, while for samples with plaster
compositions under the exposure to the standard fire regime, characterized by a slower heating
rate, there is a sharp increase in the specific heat capacity at 800 °C, indicating the proximate
arrival of the peak, followed by a sharp decrease in the heat capacity coefficients (Figure 16).
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Sample No. 2.2 (HC regime)

Sample No. 1.1 and No. 1.2 (ISO curve)
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Sample No. 3.1 and No. 3.2 (HC regime)

Figure 16. Calculated coefficients of heat capacity of plaster compositions as a function of temperature.

3.6. Determination of the Dependence of the Coefficient of Thermal Conductivity on Temperature

In [29], experimental studies of the properties of perlite plaster show that the change in
thermal conductivity depends on the heating rate. Figure 17 shows the values of the thermal
conductivity coefficients of plaster compositions and powder plaster [28], confirming the
dynamics of the obtained values of thermal conductivity in this study.
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Figure 17. Calculated thermal conductivity coefficients of plaster compositions as a function
of temperature.

The calculated values of thermophysical characteristics obtained from the simulation
correlate with the data in Table 3. As seen in Figure 17, when the structure is exposed to the
hydrocarbon temperature regime, the increase in thermal conductivity values at 1000 °C is
8-10% higher than when the structure is exposed to the standard temperature regime. The
dynamics of change in thermal conductivity can be divided into two stages: from 20 °C to
100 °C there is a slight decrease, demonstrating the evaporation of water from the plaster
composition; above 100 °C, a smooth linear growth is observed.

3.7. Analysis of Thermal Conductivity and Temperature Dependence on Density

In [30], it was shown that the thermal conductivity of plaster compositions is decreased
by reducing the density. To assess the effectiveness of plaster compositions with a thickness
of 30 mm, an analysis of the dependence of thermal conductivity and temperature on
density at 100 °C and 1000 °C at the 20th and 120th minutes of fire exposure was carried
out by simulation (Figure 18). As a result of the simulation, it is clear that for density
values between 200 and 600 kg/m? there is a decrease in temperature at the minimum and
maximum heating temperatures, while at densities greater than 600 kg/m3 the temperature
begins to increase smoothly, which confirms the faster growth of the graphs for clay and
lime plasters and the sample with coating No. 3.1 having density values greater than
600 kg/m?>. The sample with coating No. 1.2, which has a density of 300 kg/m?, has a
smoother temperature rise throughout the fire exposure compared to the sample with
coating No. 2.1, which has a density of 220 kg/m?3, because these values are in the range
of 200 to 600 kg/m?>. Figure 18 shows by dotted orange lines the temperature values at
the 20th and 120th minutes of fire exposure under the standard and hydrocarbon fire
regimes and the thermal conductivity coefficients at 100 °C and 1000 °C, depending on
the plaster density of the examined coatings (at 100 °C the plaster thermal conductivity
under the exposure to different fire regimes is the same); values obtained by the graphical
method correlate with the experimental and calculated values of temperatures and thermal
conductivity coefficients. Thus, by calculating the critical surface temperature on the steel
sample, an optimal plaster density value and its corresponding thermal conductivity can
be determined. For example, at a critical temperature of 700 °C under the hydrocarbon fire
regime, the density value is 785 kg/m? and thermal conductivity at 100 °C, 0.185 W/m-K;
at 1000 °C, 0.258 W/m-K (in Figure 18 this is shown by the red dashed lines). The yellow
dashed lines in Figure 18 show the values of temperatures and thermal conductivities of the
investigated plaster compositions with densities of 220 kg/m?, 300 kg/m? and 775 kg/m?3.
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Figure 17 shows a linear increase in thermal conductivity values when heated from 100 to
1000 °C, so intermediate thermal conductivity values can be determined by interpolation.
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Figure 18. Calculated values of temperature and thermal conductivity depending on the density of
plaster compositions.

The best characteristics among plaster compositions with comparable thicknesses
are the plaster “Ignis-Lite” with an approximate binderfiller ratio of 11-89%, applied on
samples with coatings No. 1.1-No. 1.3, as it has the highest density from the range of 200
to 600 kg/m?3, which effects a smoother temperature rise throughout the fire exposure.

4. Conclusions

Higher requirements are set for the fire protection of steel structures in oil and gas
facilities, in contrast to the structures of non-production objects. Based on experimental
data, a simulation of the fire resistance of load-bearing steel structures coated with plaster
fireproofing compositions under exposure to standard and hydrocarbon fire regimes was
carried out. By the example of samples with coatings No. 1.1 and No. 1.2, subjected to stan-
dard temperature regime, and the sample with coating No. 1.3, subjected to hydrocarbon
temperature regime, it was established that to obtain the required fire resistance limit it
is necessary to take into account the operating conditions of building structures with the
presence of combustible load at the site.

Simulations have shown that a plaster composition with a thickness of 47 mm for a
steel column with coating No. 2.2 is not optimal in relation to fire protection overruns.
Evaluation of the thickness of the plaster composition showed that the coating No. 2.2
with a thickness of 29 mm allows a reduction in the consumption of fire protection by
38%, providing the required fire resistance. It is established that to obtain the required
fire resistance limits of steel structures, it is optimal to apply plaster compositions with
a thickness of 30-35 mm and a density of 200 to 600 kg/m?, depending on their thermal
characteristics and fire regime.

The primary role in the heating process of building structures is played by the values
of thermal conductivity and density of the fireproofing composition. The dependence
of thermal conductivity and temperature on density at 100 °C and 1000 °C shows that
the use of plaster compositions with a density of 200 to 600 kg/m3 is optimal in terms of
reducing the temperature at the minimum and maximum temperatures of heating and
providing a higher limit of fire resistance. The possibility of determining graphically the
optimal density of the plaster composition and its corresponding thermal conductivity
by calculating the critical surface temperature on a steel sample is shown. It was found
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that the values of thermal conductivity at 1000 °C are 8-10% higher when the structure is
exposed to hydrocarbon fire regime. It was found that the specific heat capacity for samples
with plaster compositions during exposure to the standard temperature regime is 10-15%
higher at 1000 °C, while reaching a peak earlier, followed by a decrease in its values.
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