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UDC 614.841.332

EVALUATION OF FIRE RESISTANCE OF FIRE PROTECTED
STEEL STRUCTURES BY CALCULATION AND
EXPERIMENTAL METHOD

A. Kovalov!, Y. Otrosh!, V. Tomenko?, V. Slovinskyi?

!National University of Civil Defence of Ukraine

2Cherkasy Institute of Fire Safety of National University of Civil Defence of Ukraine
3Cherkasy Scientific Research Forensic Centre of the Ministry of Internal Affairs in Ukraine

Abstract: Based on the developed geometric, physical, computer and finite element model, the
fire resistance of fire-resistant steel structures was evaluated by calculation and experimental method.
The adequacy of the developed computational-experimental method for assessing the fire resistance of
fire-resistant steel structures in assessing the fire resistance of a fire-resistant I-beam steel column was
verified. The results of tests for fire resistance of steel columns with fire-retardant coating at standard
temperature of the fire without the load applied to them (temperature in the furnace, temperature in
certain places on the surface of fire-retardant steel columns, the behavior of the investigated fire-
retardant coating). The analysis of tests on fire resistance of fire-resistant steel columns exposed to fire
at standard temperature (temperature in the furnace, temperature in places of measurement of
temperature on a surface of columns, behavior of a fire-retardant covering) is carried out. A computer
model of the «steel column — reactive flame retardant coating» system has been built for numerical
simulation of non-stationary heating of such a system. Simulation of non-stationary heating of the
system «steel column — fire-retardant coating» in the software package FRIEND with the specified
parameters (geometric model, thermal effects, initial and boundary conditions, properties of system
materials). The reliability of the results of numerical modeling with real experimental data on the
duration of fire exposure at the standard temperature of the fire to reach the critical temperature of
steel. Based on the comparison of experimental results and numerical simulations, a conclusion is
made about the adequacy of the developed model to the real processes that occur when heating fire-
retardant steel columns without applying a load under fire conditions at standard fire temperature. The
efficiency of the proposed calculation and experimental method for assessing the fire resistance of fire-
resistant steel structures has been confirmed.

Keywords: fire resistance, method of fire resistance assessment, fire protection, fire protection
ability, fire protective coatings, steel structures.

OIIIHIOBAHHS BOTHECTIMKOCTI BOTHE3AXUIIIEHUX
CTAJIEBUX KOHCTPYKIII PO3PAXYHKOBO-
EKCIHEPUMEHTAJIBHUM METOAOM

KoBanbos A. L.}, Otpom 0. A.}, Tomenko B. 1.2, CnoBincbkuii B. K.2
'Hayionanvnuii ynisepcumem yueinonozo saxucmy Yxpainu

2Yepracoruil incmumym nodxcescroi besnexu im. Iepoie Yoproouns HYL]3 Vipainu
3Yepracoruii nayko6o-0ocnionutl excnepmuo-kpuminanicmuynuti yenmp MBC Vipainu

AHotanis: Ha ocHOBI po3pobneHux reoMerpudHOi, (Pi3MdHOi, KOMIT'IOTEPHOI Ta CKiHYEHHO-
€IIeMEHTHOI MOJIeNIi 3MICHEHO OIiHIOBAHHS BOTHECTIMKOCTI BOTHE3aXUIEHUX CTAJIeBHX KOHCTPYKITIH
PO3paxyHKOBO-EKCIIEPUMEHTATIbHUM METO/IOM. [IpOBEJCHO MEpEeBipKy aJeKBATHOCTI PO3pPOOJIECHOrO
PO3paXxyHKOBO-EKCIIEPUMEHTAIBHOTO METONY  OI[IHIOBAHHS  BOTHECTIMKOCTI ~ BOTHE3aXHIICHHUX
CTaJIeBUX KOHCTPYKI[ TPH OI[iHIOBAHHI BOTHECTIHKOCTI BOTHE3aXHIIEHOI JBOTaBPOBOI CTajeBOi
koionu. IlpeacraBneHo pe3ynbTatm BUNpPOOyBaHh HA BOTHECTIWKICTH CTaJeBUX KOJOH 3
BOTHE3aXVCHHUM TIOKPUTTSM IIPH CTaHAPTHOMY TEMIIEPATYPHOMY PEKHMOBI MTOXKEKi O0e3

A. Kovalov, Y. Otrosh, V. Tomenko, V. Slovinskyi
https://doi.org/10.31650/2618-0650-2021-3-2-29-39 29




MexaHika Ta MaTeMaTU4Hi MeTonu /
Mechanics and mathematical methods

111, +2, 2021
Crop. 29-39 / Page 29-39

MPUKIAIEHOTO 10 HUX HaBaHTa)KEHHs (TeMIeparypa B Iedi, TeMIepaTypa y BU3HAUCHUX MICISIX Ha
MOBEPXHI BOTHE3aXUIICHNX CTaJCBUX KOJOH, MOBEIHKA JTOCTIPKYBAHOTO BOTHE3aXUCHOTO TIOKPUTTS).
[IpoBeneno anani3 BuUIpOOyBaHb Ha BOTHECTIHKICTH BOTHE3aXUIICHUX CTAJleBHUX KOJOH, IO
MigaBaincs BIUIMBY IMOXEXi 3a CTaHIApPTHUM TEMIIEPaTypHUM DPEXHMOM (TemIepatypa B Tedi,
TeMIIepaTypa y MiCUsSX BHUMIPIOBaHHS TeMIIEpaTypu Ha MOBEPXHi KOJIOH, MOBEIIHKA BOTHE3aXHCHOTO
nokpuTTs). [1o0y10BaHO KOMIT IOTEpPHY MOJIENb CUCTEMHU «CTaleBa KOJIOHA —pEaKTHBHE BOTHE3aXUCHE
MOKPHUTTSD) ISl YACENBHOrO MOJETIOBAHHS HECTAliOHAPHOTO MpOrpiBy Takoi cucteMu. [IpoBemeHo
MOJIETTIOBAHHS HECTAIIOHAPHOTO MPOrPIBY CHCTEMH «CTalleBa KOJIOHA — BOTHE3aXHCHE TOKPUTTS» B
nporpamaoMy komiuiekci FRIEND 3 3aganumm mapamerpamu (reoMeTpUYHA MOJENb, TEIIOBI
BIUIMBH, IIOYaTKOBI Ta TpaHWYHI YMOBH, BJIACTHUBOCTI MartepiajiiB cuctemu). [IpoBemeHO OIIHKY
JIOCTOBIPHOCTI PE3YJIbTATIB YMCEILHOIO MOJICIIOBAHHS 3 PEAIbHUMHU EKCIEPUMEHTAILHUMU JaHUMU
IIO/I0 TPUBAJIOCTI BOTHEBOTO BIUIMBY 3a CTaHJAPTHUM TEMIIEPATYPHUM PEXHUMOM MOXKEKi [0
JOCSITHEHHSI KPUTUYHOI TeMIiepaTypu crtaii. Ha ocHOBI MOpPIBHSHHS Pe3yJIbTaTiB €KCIEPUMEHTY Ta
YHCENIFHOTO MOJICNIOBaHHS 3pOOJIEHO BUCHOBOK MNP0 aJIeKBATHICTh PO3POOJICHOI MOJIeNi peabHUM
mpoiecam, 10 BiOyBarOThCsS MPH HArpiBaHHI BOTHE3AXMILNECHUX CTAJICBUX KOJIOH 03 MPUKIIAIACHHS
HABaHTa)XEHHS B YMOBaX BOTHEBOTO BIUIMBY 32 CTaHJAPTHOTO TEMIIEPATYPHOTO PEKHMY TOXKEXKI.
[linTBep/KeHa mMparne3aTHICTh 3alpPONOHOBAHOTO  PO3PAaXYHKOBO-EKCIIEPUMEHTAILHOTO METONY
OI[IHIOBaHHSI BOTHECTIMKOCT1 BOTHE3aXUIIEHNX CTaJEBUX KOHCTPYKILil.

KniouoBi cioBa: BOrHECTIMKICTh, METOZ OIIHIOBAHHS BOTHECTIAKOCTI, BOTHE3aXUCT,
BOTHE3aXHMCHA 31aTHICTh, BOTHE3aXMCHI TOKPUTTSI, CTAIEBI KOHCTPYKIIil.

A. Kovalov, Y. Otrosh, V. Tomenko, V. Slovinskyi
30 https://doi.org/10.31650/2618-0650-2021-3-2-29-39
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1 INTRODUCTION

Despite technical advances in construction and fire-fighting technologies, the latter has
not become less dangerous. Fires claim thousands of lives and cause billions in damage.
About 51% of all fires in the world occur in buildings and structures and transport. At the
same time, 90% of all fire victims die on the premises.

These factors create a need to protect people from the impact of the identified threats.
One of the most dangerous factors is fires in buildings and structures. Ensuring the safety of
people and property must be performed taking into account all stages of the life cycle of
facilities, such as scientific support and monitoring, design, construction, operation, as well as
to exclude fires. Preventing the occurrence of fire allows technical means and organizational
measures, in which the probability of occurrence and development of fire does not exceed the
standard allowable value. The condition for reducing the irreversible consequences of fires at
various facilities is the preservation of the bearing capacity of buildings, structures of
technological structures and communications.

These stability requirements are provided by a set of measures provided for both
production technology and the use of effective fire-retardant coatings for fire protection of
building structures.

Therefore, in the context of globalization and increasing threats to humans, the first place
is played by maintaining the resilience of buildings and structures in the event of fires and
other natural disasters, as well as preserving their functional purpose after such impacts.

2 ANALYSIS OF LITERATURE DATA AND PROBLEM STATEMENT

Many well-known scientists have dealt with the issues of fire resistance assessment of
fire-resistant steel structures. In [1], the authors developed two models of steel beams using
ANSYS and OpenSEES programs, which take into account the constant mechanical load and
the influence of fire temperature but do not take into account the presence of fire protection
systems and their impact on modelling accuracy. The authors in [2] propose to use in the
calculation of the temperature of fire-resistant steel structures in case of a fire a constant value
of the thermal conductivity of the reactive fire-retardant coating, as it does not affect the
accuracy of the calculations. However, as is known, the greatest accuracy of calculations is at
the value of the thermal conductivity of the fire-retardant coating, which depends on the
temperature. In [3] the results of the test for fire resistance of unprotected steel beams in
comparison with simple and improved calculation methods given in EN 1993-1-2 are
presented. The results showed the difference between the experimental and calculated
temperature values obtained by FEM analysis. [4] presents a method for assessing the fire
resistance of fire-resistant reactive fire-retardant coatings of steel structures. The method can
be used to predict the behaviour of fire-retardant steel structures in different conditions
(change in the coefficient of a cross-section of steel, coating thickness and type of fire
exposure). However, there are no reliable data on the versatility of the method, including for
passive fire-retardant coatings and the influence of climatic factors. In [5] experimental and
calculated data on the determination of the temperature of steel plates with a fire-retardant
covering in the conditions of fire influence on a standard fire have resulted. The authors
analyze the possibility of using samples of reduced size and shape other than the size and
shape of standardized samples of steel structures to assess the fire resistance of fire-resistant
steel structures. In [6] we consider the results of experimental tests of steel plates of different
sizes with water-based flame retardant coating, aimed at studying the thermal properties and
the ratio of temperature and thickness of the coating in tests of steel plates of different
thicknesses at standard temperature or slow-moving fire. However, the issues of the influence
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of fire temperature regimes on the accuracy of fire resistance assessment of fire-resistant steel
structures have not been fully investigated.

The conducted analysis allows to state the tendency to spread the application of the
calculation-experimental method for estimating the limits of fire resistance of fire-resistant
steel building structures and fire-retardant ability of coatings for such structures. This method
allows taking into account the values of thermophysical characteristics of fire-retardant
coatings not only as constant values but also as a function of temperature. This allows to
increase the accuracy of the method and take into account the processes of heat transfer in the
fire-resistant steel structure under the influence of different temperature regimes of fire.

Thus, the unsolved part of the problem is the lack of effective methods for assessing the
fire resistance of fire-resistant steel building structures with scientifically sound parameters of
fire protection systems in the form of both reactive and passive fire-retardant coatings.
Solving this problem will increase the accuracy of estimating fire-resistant steel structures
with sufficient accuracy for engineering calculations using the results of fire resistance tests,
which are fully correlated with the results of numerical simulations in modern software
packages.

3 THE PURPOSE AND OBJECTIVES OF THE STUDY

The work aims to assess the fire resistance of fire-resistant steel structures using the
developed calculation and experimental method.
To achieve this goal needed to solve the following tasks:
— to analyze the results of tests for fire resistance of 2 fire-retardant steel columns;
— to build a physical, geometric, computer model of non-stationary heating of a fire-
retardant steel column, in which to take into account and build:
— the geometry of the object under study;
— finite element model,
— thermal effects on the structure;
— choose the calculation algorithm for processing the obtained experimental data.

4  ANALYSIS OF FIRE RESISTANCE TEST RESULTS

The test was subjected to 2 steel columns of I-beam section HEB 200 (thickness 6.1
mm), height 2 m. The columns were treated with flame retardant “Amotherm Steel Wb” after
the pre-application of soil GF-021. Three thermocouples were placed on each sample
according to [7], as shown in Fig. 1.

“ A Thermocouples
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Fig. 1. Diagram of the location of thermocouples on samples of columns that are tested without load
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The flame retardant was applied by mechanization and manually. The average coating
thickness was 2.927 mm. The experiment was performed at an air temperature of 27°C,
relative humidity of 54%. The average thickness of the coating of flame retardant “Amotherm
Steel Wb was (dry state without soil) 2.928 mm on the sample £ 1 and 2.925 mm — on the
sample r 2. Fig. 2 shows the types of samples in the furnace before (a) and after (b) the tests.

Fig. 2. Types of samples in the furnace before (a) and after (b) the tests

A special test furnace and metrological calibrated measuring equipment were used for the
tests.
The temperature of the fire was determined by the formula:

®, =20+345Ig(8t +1), 1)

where @g — the temperature of the gas environment in the fire compartment, “C; t — time,
min.

The temperature in the furnace was reproduced according to the standard temperature of
the fire (Fig. 3).

B, C
1000
800
600 1 '
400 4

200

0 3 : : : :
0 20 40 60 80 100t min

Fig. 3. Dependence of temperature in the furnace on the duration of fire influence: 1 — a curve of a
standard temperature mode, 2 — a real curve of change of temperature in the furnace; 3 — the
maximum values of temperature in the furnace are admissible at tests; 4 — the minimum values of
temperature in the furnace are admissible attests

The volume swelling coefficient of the Amotherm Steel Web coating was 38.3 cm®/g
(conditional linear swelling factor 47.9).

The dependence of the average temperatures of the samples of steel columns with the
investigated fire-retardant coating on the time of fire exposure to the standard temperature of
the fire is shown in Fig. 4.
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Fig. 4. Dependence of average temperatures of samples of fire-retardant steel columns on the time of fire
exposure according to the standard temperature of the fire: 1 — sample column £ 1; 2 — sample column £ 2

As shown in Fig. 4 temperature dependences were compared with the results of computer
simulation of non-stationary heating of a fire-retardant steel column, performed using
FRIEND software.

These temperatures were compared with the results of computer simulations of non-
stationary heating of a fire-retardant steel column, performed using FRIEND software. To
compare the simulation results with the experimental determination of the temperature of the
steel column in certain places under fire conditions according to the standard temperature of
the fire, we took the values of the column sample temperature = 2 (Fig. 4, curve 2), which
warmed up the most.

5 CONSTRUCTION OF MODELS OF NON-STATIONARY HEATING OF
FIRE-RETARDANT STEEL COLUMN

The computer model of the thermal state of the investigated fire-retardant column was
built on the basis that the column is heated in the furnace on four sides equally. Therefore,
each surface of the column is considered as a two-layer system consisting of a layer of steel
and a layer of fire-retardant coating of appropriate thickness. This model allows the
calculation of the temperature distribution at all spatial points of the layers over time and, in
particular, at the locations of thermocouples not only by the standard temperature of the fire
but also by other alternative fire modes (Fig. 5).

a b c d
Fig. 5. Construction of geometric (a, b, ) and finite element model (d) of fire-retardant steel column
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A physical model of the system “steel structure - fire-retardant coating” has been

developed (Fig. 6).
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Fig. 6. Physical model of the thermal state in the system "fire-retardant
coating - steel plate™: 1 — steel plate; 2 — fire-retardant coating

This physical model takes into account that the heating surface of the fire-retardant
coating is heated by a convective-beam mechanism from hot gases in a furnace with a
temperature 0g,t. Inside the system “fire-retardant coating - steel plate - thermal insulation”
heat is transferred by thermal conductivity. The condition of ideal thermal contact between
the layers of the system is accepted. From an unheated surface of thermal insulation heat
exchange occurs by convection.

It is proposed to check the adequacy of the developed method for assessing the fire
resistance of fire-resistant steel structures on samples of reduced size in the form of steel
plates coated from one surface with a reactive flame retardant, forming a fire-retardant
coating on the protected surface (Fig. 6).

6 CHECKING THE ADEQUACY OF THE DEVELOPED METHOD FOR
ASSESSING THE FIRE RESISTANCE OF FIRE-RESISTANT STEEL
STRUCTURES

Thermophysical characteristics of the investigated fire-retardant coating for use in
calculations of non-stationary heating of a fire-retardant steel column were defined in [8]:
thermal conductivity coefficient as a function of temperature and constant value of specific
volume heat capacity 105 J/m3-°C.

The geometric dimensions of the column for modeling its thermal state are shown in
Fig. 7.
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Fig. 7. Steel column: a — general view; b — geometric dimensions
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Thermal conductivity A. and the specific heat of steel ca asked according to [9] and
Fig. 8, 9.
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Fig. 9. Dependence of heat capacity of steel on temperature

The number of nodes of the numerical model was 15 nodes (10 nodes for steel structure
and 5 nodes for fire protection coating) in spatial coordinates with a time step of 60 sec.

As a result of numerical modelling by solving direct problems of thermal conductivity,
the calculated values of heating of a fire-retardant steel column were obtained, which are
shown in Fig. 10.

0 1000 2000 3000 4000 5000 6000 L sec

Fig. 10. Dependence of temperature of fire-protected steel columns on time of fire influence on a
standard temperature mode of a fire: 1 — the experimental curve of heating of column r 1; 2 —the
experimental heating curve of column £ 2; 3 — curve calculated as a result of numerical simulation

As can be seen from Fig. 10, calculated as a result of numerical simulation, the curve of
the dependence of the heating temperature of the fire-retardant steel column on the time of
fire coincides with the experimental curves. It was found that the best convergence and,
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accordingly, the smallest allowable deviation range have the dependences of the column
temperature ¥ 1 with the temperatures that are calculated as a result of numerical simulations.
Thus, the largest error in measuring temperatures is observed at 20 minutes of calculation and
is 63°C. When comparing the results of numerical simulations with the results of tests for fire
resistance of the fire-retardant column ¥2, such an error for 20 minutes was 92°C. It can be
concluded that when using the results of tests for fire resistance of fire-retardant steel columns
at the standard temperature of the fire, it is necessary to take the average value of the test
results of two steel columns. Subsequently, the results of the average values of heating of two
fire-retardant steel columns were used for comparison, as shown in Fig. 11.

6,°C
%) ENS R A G
PP TN S— — _— 7o -
I e S .
o N T

A

0 1000 2000 3000 4000 5000 6000 t, sec

Fig. 11. Dependence of the average temperature of fire-retardant steel columns ¥1 and #2 on
the time of fire exposure according to the standard temperature of the fire: 1 — the experimental
heating curve of columns £l and £2; 2 — curve calculated as a result of numerical simulation

From Fig. 11 it follows that the experimental curve of the average temperature values of
fire-retardant steel columns ¥1 and ¥2 and the curve calculated as a result of numerical
simulation have a satisfactory convergence. The results of experimental studies and numerical
analysis in the FRIEND program for a time interval of 20-40 minutes differ significantly in all
control points, but later this difference is stabilized, and until the end of the experiment does
not exceed 10.0%, which can be considered an acceptable result. All this indicates the
correctness of setting the initial and boundary conditions, the construction of mathematical
and physical models of thermal processes in the system “steel structure - fire-retardant
coating”. Ultimately, proves the efficiency of the developed method for assessing the fire
resistance of fire-resistant steel structures and the adequacy of real processes that occur when
heating fire-resistant steel columns without applying a load under fire conditions at standard
fire temperatures.

7 CONCLUSIONS

1. Geometric, physical, computer and finite element models for assessing the fire
resistance of fire-resistant steel structures have been developed. The peculiarity of the
developed models is taking into account the thermophysical characteristics of steel structures
and fire-retardant coatings that depend on temperature, as well as taking into account the
peculiarities of the formation of temperature regimes of fire.

2. Based on the offered models based on the developed calculation-experimental method
of estimation of fire resistance of fire-resistant steel columns of I-section without the loading
applied to them is estimated.

3. It is established that the best convergence and, accordingly, the smallest allowable
deviation range have the dependences of the column temperature 1 with the temperatures
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that are calculated as a result of numerical simulations. Thus, the largest error in measuring
temperatures is observed at 20 minutes of calculation and is 63°C. When comparing the
results of numerical simulations with the results of tests for fire resistance of the fire-retardant
column ¥2, such an error for 20 minutes was 92°C. It is concluded that when using the
results of tests for fire resistance of fire-retardant steel columns at the standard temperature of
the fire, it is necessary to take the average value of the test results of two steel columns.

4. It is established that for the accuracy of fire resistance assessment of fire-resistant steel
structures it is necessary to use the average values of temperatures of two fire-resistant steel
columns. The best convergence of the results of experimental and calculated determination of
the heating temperature of fire-retardant steel columns, which is not more than 10% of the
allowable deviation. The efficiency of the proposed calculation and experimental method for
assessing the fire resistance of fire-resistant steel structures and its adequacy to real processes
in non-stationary heating of fire-resistant steel columns in the standard temperature of the fire.
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