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RBSTRACT

The scientific bases of ensuring fire resistance of reinforced concrete and steel building struc-
tures in the conditions of modern extreme influences are laid.

The current state of fire safety of buildings and structures, as well as approaches, methods
and tools for its assessment are analyzed. Analysis of emergencies and fires in the world has shown
that the vast majority of them occur in buildings and structures. It is shown that the cause of cat-
astrophic consequences and destruction is the non-compliance of the actual limit of fire resistance
of building structures with regulatory requirements. This is due to the imperfection of methods and
means of assessing the fire resistance of building structures, including fire-retardant.

To overcome the shortcomings identified during the analysis, the paper develops physical and
mathematical models of thermal processes occurring in the fire-retardant reinforced concrete
structure. Based on the proposed models, a computational-experimental method for estimating
the fire resistance of such structures has been developed. The efficiency of the proposed method
was tested by identifying the relationship between the parameters of the fire-retardant plaster
coating “Neospray” and the fire resistance of fire-retardant multi-hollow reinforced concrete floor.

The study of fire resistance of steel structures is proposed to be carried out using reduced
samples in the form of steel plates with dimensions of 5005005 mm. Based on the proposed
models, a calculation and experimental method for estimating the fire resistance of steel struc-
tures, as well as an algorithm and procedures for its implementation have been developed. The
verification of the efficiency of the proposed method was carried out in the ANSYS software pack-
age using the aged coating “Phoenix STS” and the coating “Amotherm Steel Wh” under heating
conditions at the temperature of the hydrocarbon fire.

The reliability of the developed models and methods is checked. It is established that random
errors in temperature measurement significantly affect the accuracy of determining the thermo-
physical characteristics and limits of fire resistance. In general, the efficiency of the proposed calcu-
lation and experimental methods with sufficient accuracy for engineering calculations is confirmed.

KEYWORDS
Fire resistance, fire resistance assessment method, fire protection, fire protective coatings,

fireproof building structures, fire protection ability of coatings, fire temperature regimes, thermo-
physical characteristics.
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INTRODUCTION

In today's world, the need for security is of paramount importance. The development of man-
kind has led to the emergence of new man-made and natural threats [1]. Increasing the intensity
and expanding the range of such threats requires the development of new approaches to ensuring
the safety of human life and national security in general [2].

The most numerous and dangerous events are fires. There are about 8 million fires in the
world every year, killing up to 100 000 people. This requires both increasing the readiness of res-
cue units to act as assigned and the development of preventive measures to prevent or mitigate
the consequences of such events [3]. The greatest interest in this regard is the experience of
the United States, where effective multidisciplinary structures of the threat response system have
existed for half a century.

The impact of fires on humans and the environment is complex and is characterized by
the action of the following interrelated primary to secondary factors [4].

Climate change on the planet leads to large-scale fires, which are very powerful sources
of environmental pollution and lead to environmental disasters [5]. Often such fires due to air
pollution [B] provoke acid rain [7], which in turn leads to pollution of rivers, groundwater and aqui-
fers [8, 91. On a global scale, fires further exacerbate the "greenhouse effect".

Along with landscape fires, fires in radiation-contaminated ecosystems are a particularly dan-
gerous type of threat [10]. The Chernobyl Exclusion Zone is no exception [11]. At the same time,
these events are both a local danger for ecosystems and a regional one for the population and the
environment in a large area [12, 13].

Globalization in the world leads to the strengthening of man-made factors [14]. In modern
conditions, the problem of protection of the population and territories from emergencies of natural
and man-made nature, as well as from military dangers becomes especially important. This is due
to the annual steady increase in the number and scale of disasters, a significant increase in human
and material losses.

Improving the fire safety of buildings and structures is one of the most important components
of protecting the population and the economy from modern threats. Fires and explosions at such
facilities are dangerous not only for human health, but also significant financial losses associated
with the elimination of the consequences of destruction and recovery of facilities [15].

Anather factor is the emergence of new substances and materials [16]. New construction
technologies involve the widespread use of various building materials and structures [17], the use
of which provides mandatory regulatory requirements for compliance with the safety of operation
of buildings and structures [18].

Despite technical progress in construction and firefighting technologies [19, 20], the fires
have not become less dangerous [21]. Fires claim thousands of lives and cause billions in damage.
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About 51 % of all fires in the world occur in buildings and structures and in transport. At the same
time, 90 % of all victims of fires 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 [22].

The risk of fires in buildings and structures arises due to disruption of normal operation of
electrical appliances, gas leaks, careless handling of flammable and explosive substances, imperfec-
tions of technological processes, lightning discharge and application of high-temperature potentials.

Fire protection is provided by technical means [23] and organizational measures aimed at
preventing exposure to fire hazards [24]. Such factors lead to burns, poisoning, injury or death, as
well as material, social and environmental damage [25].

When burning in the room for the first 10—20 minutes, the fire spreads linearly along the
combustible material. The room is filled with smoke, and it is impossible to see the flames. The room
temperature rises exponentially to 300 degrees Celsius. This is the ignition temperature of the vast
majority of materials [26]. After 20 minutes, the fire starts to spread. In 10 minutes, there is
a destruction of glazing. The inflow of fresh air increases, the development of fire sharply increases.
The temperature reaches 900 degrees. The burnout phase occurs. The maximum combustion inten-
sity is reached within the next 10 minutes. After the main substances burn out, there is a phase
of fire stabilization. If the fire cannot spread to other rooms, the fire goes outside. At this time
there is a collapse of damaged building structures [27].

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 [28], design, construction,
operation, as well as to exclude fires [29, 30].

Technical means and organizational measures prevent the occurrence of fire, in which
the probability of occurrence and development of fire does not exceed the standard allowable
value [31, 32].

One of the factors on which fire safety is based during the design, construction, reconstruc-
tion, and change of functional purpose of buildings and structures for various purposes is to ensure
fire resistance of building structures. 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 struc-
tures [33]. Fire-retardant coatings are presented in a wide range, the analysis of characteristics
and parameters of which requires a detailed study.

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 cases of fires and other
natural disasters, as well as preserving their functional purpose after such impacts.

Creating the hasis for effective assessment of fire resistance of fire-retardant reinforced
concrete and steel structures with scientifically sound parameters of fire-retardant coatings is
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INTRODUCTION

an urgent problem, the solution of which will increase the accuracy of calculation of non-stationary
heating of fire-retardant reinforced concrete and steel structures with sufficient research and
the results of numerical simulations in modern software packages.

Existing fire safety regulations do not always meet modern challenges. As an example, tests to
assess the effectiveness of fire protection and fire resistance of fire-retardant structures are car-
ried out under conditions of standard fire temperature, which in most cases is not performed. There-
fore, there is a risk of intense fires with high temperature and speed of spread (over 900 degrees
for 5 minutes) [34], which may be accompanied by heat stroke of flames on structures and de-
struction of buildings.

These factors and contradictions indicate the urgency of solving the scientific problem in the
field of fire safety, which is to develop a scientific basis for fire resistance of reinforced concrete
and steel structures in modern extreme conditions.




CURRENT STATE OF ENSURING FIRE RESISTANCE OF
REINFORCED CONCRETE AND STEEL BUILDING STRUCTURES

RBSTRACT

The section analyzes the current state of fire resistance of reinforced concrete and steel
building structures. The requirements to building constructions from the point of view of fire safety
are described. An analysis of statistics on emergencies and fires associated with the loss of fire
resistance. Modern approaches to ensuring fire resistance of building structures are considered.
The most effective measures to increase the fire resistance of building structures have been
identified. Fire-retardant materials used to increase the fire resistance of reinforced concrete
and steel building structures are described. The conclusion about the current state of ensuring
fire resistance of reinforced concrete and steel building structures is made. Ways to increase fire
resistance are suggested.
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11 FIRERESISTANCE OF BUILDING STRUCTURES AS A CONDITION FOR SAFE OPERATION OF
BUILDINGS AND STRUCTURES

Modern building structures designed and manufactured in accordance with current require-
ments can be operated for decades. However, in a fire, such structures are destroyed within hours
or even minutes [35].

In case of fire, the violation of the overall stability of the building occurs due to the destruction
of individual elements in the frame of the building. The risk of collapse of load-bearing structures,
in addition to material damage, also endangers the lives of site workers during evacuation and
rescuers during firefighting. In the vast majority of cases, the destruction of structures leads
to the complete destruction of property, engineering and technological equipment. Therefore,
maintaining the load-bearing capacity of building structures in the event of a fire for a given time
is an urgent problem [35].

The indicator of fire resistance of building structures is their limit of fire resistance, which is
determined by the time from the beginning of the test on the temperature of the fire to the onset
of one of the normalized for a particular structure of the limit states.

To assess the compliance of building structures with the normalized value of the limit of fire
resistance of the building structure, the procedures for assessing compliance and the procedure
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for their application [36] and the basic requirements for building structures. The following require-
ments are aimed at ensuring:

— safety of human life and health [37-39];

— safety of building operation [40];

— mechanical resistance and stability of the building as a whole and individual building struc-
tures of this house [41];

— fire safety of the building;

— environmental protection [42—44].

Implementation of the principles of fire safety in construction is based on an engineering ap-
proach to assessing the required level of safety in the design, construction, reconstruction, tech-
nical re-equipment, overhaul, change the functional purpose of buildings and structures. The main
requirements of fire safety in construction include the condition of limiting the spread of fire, smoke
and maintaining the load-bearing capacity of the structure for a specified period of time [45].
An important area of ensuring these principles is to ensure the standardized fire resistance of re-
inforced concrete and steel building structures, by complying with the rules for their manufacture,
development of effective methods and means of fire protection and assessment of fire resistance
of such structures.

In accordance with European standards, there are the following types of limit states of building
structures for fire resistance (Fig. 1.1):

— limit state on the basis of loss of bearing capacity (conditional letter designation R);

— limit state on the basis of loss of integrity (conditional letter designation £);

— limit state based on loss of heat-insulating ability (conditional letter designation /).

O Fig. 1.1 Limit states of fire resistance of building structures

The limit state based on the loss of bearing capacity A occurs when the sample collapses or the
occurrence of boundary deformations.

The limit state on the basis of loss of integrity E is a state in which one of the conditions is met:

— ignition or smoldering with the glow of a cotton swab raised to the unheated surface of the
sample in places of cracks at a distance of 20 to 30 mm for a period of time not less than 30 s;
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— the occurrence of a crack through which you can freely (without additional effort) insert
into the furnace a probe with a diameter of 6 mm and move it along this crack at a distance of at
least 150 mm;

— the occurrence of a crack (or hole) through which you can freely enter the probe with
a diameter of 25 mm;

— a flame is observed on the unheated surface of the sample for at least 10 s.

The limit state based on the loss of thermal insulation capacity / is the excess of the average
temperature on the unheated surface of the sample above the initial average temperature of this
surface by 140 °C or the excess temperature at any point of the unheated surface of the sample
above the initial temperature by 180 °C.

Building structures depending on the normalized limit states of fire resistance and fire resis-
tance limits are divided into classes of fire resistance. The designation of the class of fire resis-
tance of building structures consists of conditional letter designations of limit states (R, E, /) and
the number corresponding to the normalized limit of fire resistance in minutes, from a number: 15,
30, 45, 60, 90, 120, 150, 180, 240, 360.

The values of the limits of fire resistance of building structures that make up the building,
significantly affect its architectural solution and building parameters as a whole.

To assess the compliance of building structures with the normalized value of the fire resis-
tance limit, various methods and approaches have been developed to ensure fire resistance of
fire-retardant reinforced concrete and steel building structures and the procedures for conformity
assessment and the procedure for their application have been determined.

Fire resistance of building structures and their elements, protected by fire-retardant coatings,
is normalized and determined by tests for fire resistance at standard fire temperatures, which does
not always meet modern fire safety requirements for buildings and structures.

For example, in industrial facilities, fires are characterized by a rapid rise in temperature to
1100 °C at the beginning of its development due to the high fire load.

Assessment of fire resistance can be performed by calculation and experimental methods
according to standards or developed methods. Experimental methods involve full-scale fire tests of
building structures, fragments or the building as a whole [46-49].

In [46] the methodology of checking the fire resistance of a fragment of a building under the
influence of fire was developed to substantiate the main provisions of the calculation methodology
and determine the residual bearing capacity. The approach implemented in the LIRA-SAPR software
package allows to take into account the influence of changes in the operating mode on the stress-
strain state of the structure. In this case, the approach does not provide for thermal calculation
of a fragment of the building.

[47] describes the results of an experiment conducted to develop a method for determining
the strength characteristics of reinforcement by the method of “threading” after temperature ef-
fects. However, the thermal calculation of fire-retardant reinforced concrete and steel structures
is nat described.
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In the article [48] the results of numerical modeling of tests on fire resistance of bearing
walls executed with use of various configurations of fire furnaces are presented. Using a computer
simulation of gas and liquid flows, a temperature gradient was obtained for the heated surfaces of
the load-bearing walls and the temperature distribution was calculated for a specific point in time
of the computational experiment. However, the presented method does not describe its application
to other building structures than load-bearing walls.

During the research [49] a scientifically substantiated sequence of procedures with a detailed
selection of equipment and test samples to obtain reliable experimental data in the study of the
temperature of the fire in the cable tunnel. There are no experimental data for other temperature
regimes of fires.

As can be seen from the analysis [46—49], the conditions for ensuring fire resistance are:

— by time parameters:

L, > (1.1)

where t;4 — estimated limit of fire resistance, min; tf ., — normalized limit of fire resis-
tance, min.
— by strength parameters:

R..=E, 1.2)

where R;4; — the estimated value of the bearing capacity of an individual structure during a
fire at a specific time t, kN; E; 4. — the estimated value of the load effect during a fire at a specific
time ¢, kN;

— by temperature parameters:

0,<0,, (1.3)

where ®, — the estimated value of the material temperature, °C; ®,., — the calculated value
of the critical temperature of the material, °C.

The strength and rigidity of steel and reinforced concrete structural elements decrease with
increasing temperature. Reducing such characteristics is especially important in the temperature
range between 400 and 700 °C. The simplest way to calculate steel structures under fire condi-
tions is to calculate the building for normal environmental conditions, and then verifying that the
temperature of the steel elements of the structures coated with flame retardants does not exceed
a certain critical value or does not exceed a certain percentage of the load-bearing capacity of the
structure at the temperature of the fire.

Thus, to ensure the normalized values of the limits of fire resistance of reinforced concrete
and steel building structures, it is proposed to use various approaches and tools: increasing the
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protective layer of concrete, plastering, design measures, use of water as a coolant. However,
recently, methods of increasing the fire resistance of reinforced concrete structures through the
use of fire protection systems have become more widespread.

Modern approaches to ensuring the safety and stability of buildings and structures in the case
of fire (for example, Eurocodes) involve the use of alternative calculation methods based on the
performance of materials and structural elements.

Necessary operational characteristics of structures in the conditions of fire are accepted, as
a rule, on tabular values which provide the minimum sizes and the minimum thickness of a covering
of the set limit of fire resistance [50].

Part 1-2 of EN 1992 applies to the design of reinforced concrete structures in the event of an
emergency during a fire and is intended for use in conjunction with EN 1992-1-1 and EN 1991-1-2.
Part 1-2 identifies differences or complements design requirements at normal temperatures.
Part 1-2 of EN 1992 applies only to passive fire protection methods. Active methods of protec-
tion are not given. Part 1-2 of EN 1992 applies to reinforced concrete structures that must
perform specific functions during a fire:

— prevention of premature destruction of the structure (bearing capacity);

— limiting the spread of fire (flame, hot gases, overheating) outside certain areas (en-
closing capacity).

National standards implementing the Eurocodes contain the full text of the Eurocodes (includ-
ing all technical additions) as published by the European Committee for Standardization. The text
of the Eurocode itself is preceded by a national title page and a national introduction, followed by
national annexes. National annexes contain only information on those parameters that are left
open in Eurocodes so that they can be selected at national level. These parameters are known as
nationally defining parameters. They are used to design buildings and perform construction work in
the country that introduced them.

The analysis of the current state of ensuring the safety of buildings and structures for in-
dustrial and civil purposes has shown the presence of contradictions that arise in the process of
analyzing the conditions for ensuring fire resistance of fire-resistant building structures. Resolving
these contradictions will create conditions for the safe operation of buildings and structures using
fire-retardant reinforced concrete and steel structures with scientifically sound parameters of
their fire-retardant coatings.

12 FIRE SAFETY REQUIREMENTS FOR BUILDING STRUCTURES USED IN MODERN
CONSTRUCTION

The limit of fire resistance of a building structure depends primarily on the properties of ma-
terials and manufacturing technology of such a structure, its size, conditions and magnitude of
the applied load, the presence of fire protection elements, as well as the parameters of fire [51].
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In [52] the results of estimation calculations of bearing capacity, critical temperatures and
indicators of fire resistance of bending reinforced concrete elements on the basis of fibrocon-
crete with dispersed reinforcement from steel, basalt and synthetic fiber are given. Calculations
performed on the example of a reinforced concrete rectangular beam, taking into account the
percentage of reinforcement of each element, and at constant load, which corresponds to the
condition of adequacy of the calculation. It is shown that the dispersed reinforcement of the
bending reinforced concrete element with steel, basalt and synthetic fiber increases its bearing
capacity, but has little effect on the critical temperature and the limit of fire resistance. The pre-
sented results of estimation calculations allow to predict the use of bending reinforced concrete
elements based on concrete with dispersed fibers depending on the content of reinforcement
and load. However, the work does not consider other reinforced concrete structures, except
for the beam.

In [53] the results of experimental studies of the impact strength of concrete and reinforced
concrete samples are presented. It was found that the impact strength increases significantly in
the presence of fiber, but the type of fiber has little effect on it. Because specimens reinforced
with a fiber content of 1.0 and 1.5 % differ slightly in impact strength, 1.0 % volumetric re-
inforced reinforcement is recommended for both static and dynamic loads. The disadvantage of
the study is the lack of results of experimental studies of the samples in the furnace at a given
temperature of the fire.

In [54] the results of the research of behavior of the reinforced concrete beam which was
exposed to fire with application of a standard temperature mode of fire are resulted. Based on the
results of the study, the practice of assessing the fire resistance of reinforced concrete beams
based on the experimental calculation method was developed and tested. The sequence of proce-
dures of the strength calculation method based on temperature measurement in the inner layers
of reinforced concrete beams is demonstrated. The fire resistance of the considered reinforced
concrete beams was evaluated based on the interpretation of the data obtained during the fire
resistance tests and the use of the proposed method of calculating the strength. However, the
proposed method does not describe the sequence of procedures for other building structures and
other fire temperatures.

[55] proposed a calculation method for estimating the possibility of progressive failure, based
on the assumption that one or more compressed elements are damaged and must be removed
from the system, which provides rigidity and geometric invariance. The main point of the method
is the hypathesis of forming a line of plastic hinges in the ceiling plate. The assessment of the
possihility of progressive destruction is carried out according to the energy criterion on the basis
of comparing the work of internal and external forces in relation to the possible movements of the
system, which under these conditions is geometrically variable. The proposed method is productive
and economical compared to existing methods, which include complex mathematical models and
software packages. The paper does not describe how exactly the line of plastic hinges in the plate
is formed: from stroke or fire.
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However, to ensure the normalized values of the limits of fire resistance of reinforced concrete
structures of the above objects to 150-180 minutes or more, it is usually necessary to increase
the thickness of the protective layer of concrete in structures up to 50-70 mm. This increase in
the thickness of the protective layer of concrete minimizes the positive properties of high-strength
concrete and structures, because it leads to an increase in the mass of the building structure, the
load on the building and to reduce the area of the premises [56]. The disadvantages of structural
concrete also include such a phenomenon as explosive destruction under the action of tempera-
ture, which in a fire can reduce the working cross section of the structure and reduce its limit of
fire resistance to complete loss.

Recommendations for preventing the explosive destruction of concrete structures include mea-
sures to include in the structure of reinforced concrete certain fillers, special metal mesh, which
prevents the chipping of large pieces of concrete [57]. The implementation of this approach causes
a change in the formulation of reinforced concrete, which can affect its strength properties [58].

However, no less important aspect of the destruction of structures due to fire is the av-
alanche-like destruction of buildings and structures. There are many examples of such fires in
the world, and most of them took place in reinforced concrete buildings and structures. Such
emergencies arise due to mistakes made in the design of the building, deviations from the project
during construction works, violation of installation rules, during commissioning of the building or its
separate parts with major shortcomings, in violation of the rules of operation of the building, as well
as due to natural or man-made extraordinary events.

In the technical aspect, there is a problem of protection of objects (buildings and structures)
from the progressive collapse in emergencies (strokes, explosions, fires).

The authors of the study [15] consider the creation of fire barriers arising from the explosion
of special charges. The efficiency of the shock wave is increased by increasing the pressure pulse,
which allows to increase the width of the fire barrier to 8 m. The study shows the dependence of
the width of the fire barrier on the parameters of special charges.

In [59], calculations on the example of a steel column showed the combined effect of an explo-
sion that causes deformation and subsequent ignition, even without damaging the flame retardant
coating. As a result, there is a significant reduction in the limit of fire resistance of the structure
by reducing the critical temperature. It is shown that based on the proposed method for hazardous
production facilities it is possible to predict the resistance of steel columns to stroke effects with
subsequent combustion, as well as to recommend the values of workloads and parameters of
fire-retardant coatings that provide the required stability. However, from studies [15, 59] it is not
clear how the technique can be applied to steel building structures working to the bend.

In [60], the influence of non-equilibrium excitation of molecules on the direct initiation of det-
onation by a spark discharge was investigated, which was evaluated by comparing the simulation
result considering the vibrational excitation. It has been established that the increase in the critical
energy of detonation initiation is assaciated with a delay in the activation of the vibrationally excited
states of polyatomic molecules in the initiation of the shock wave. However, the issue of ensuring
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fire resistance of building structures through the use of fire-resistant building structures with
standardized parameters is not disclosed.

In [B7], a study was conducted to numerically evaluate the mitigating effects caused by the
gas station wall to protect personnel from the effects of a gas explosion. An assessment of the
optimal location of the wall and the selection of appropriate material for the wall. Computer tech-
nology for determining the probability of personnel injury based on the analysis of the blast wave
has been developed. The developed technology allows to carry out the automated analysis of a
safety situation at gas stations and the analysis of efficiency of various types of materials from
which means of protection are made. At the same time, the paper does not disclose the issue of
further combustion due to fire and the effect of high temperatures on the fire resistance of build-
ing structures. The collapse can often be facilitated by an explosion as a result of a terrorist act,
improper operation of domestic gas pipelines, careless handling of fire, storage of flammable and
explosive substances in buildings.

Therefore, research and development of ways to increase the fire resistance of building struc-
tures, devoid of these shortcomings, is an urgent problem, the solution of which will ensure the
safety and stability of buildings and structures in the combined effects.

An indispensable attribute of modern construction is the use of steel structures. Such struc-
tures are widely used in the construction of various buildings and structures. Due to the signifi-
cant strength and density of the metal, the efficiency of connection of elements, a high degree of
industry, manufacture and installation, steel structures are characterized by relatively low weight,
gas and water resistance, provide rapid installation of buildings and structures and accelerate
their commissioning [62]. Thus, all steel designs at achievement of a certain temperature in the
conditions of a fire lose a part of the bearing capacity. The strength of steel at high temperatures
was studied in detail and it was determined that at a temperature of approximately 500-550 °C,
the steel bears 60 % of the design load under normal conditions. Thus, 500 °C is considered the
critical temperature that a building made of steel structures can withstand. At the same time,
recent studies have shown that the failure temperature of the steel element of the building is
not rigidly fixed at 500 °C but varies depending on two factors — the heating temperature of the
element and the load applied to it [62—65].

In [62], the critical temperature varies from 100 °C to 400 °C and more, using the experi-
mental values of the thermal conductivity of the fire-retardant coating obtained for the conditions
of the standard temperature of the fire. However, the study is limited to a critical temperature
of 400 °C, although it can reach a temperature of 750 °C.

In [B3], in addition to the standard temperature regime of the fire, the external fire mode is
also used during the tests.

In [64], the performance characteristics of reactive flame retardant coatings were studied
using four heating curves with different maximum temperatures (standard temperature curve,
hydrocarbon fire curve and two self-reproducing curves with reduced temperature). At the same
time in [63, 64] the issues of using other arbitrary fire regimes remained unresolved.
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The authors [65] present the results of an experimental study of two types of reactive fire-re-
tardant coatings for steel structures that were exposed to the standard temperature of the fire,
and three non-standard combustion curves. As a result, it was found that the constant effective
thermal conductivity of the fire-retardant coating in non-standard fires was 65 % and 35 % high-
er than in a standard fire, which led to an overestimation of the destruction time of the coating
to 15 and 11 minutes, respectively. Therefore, it is sometimes dangerous to use the results of
standard tests for fire resistance, which determine the calculation of the coating thickness of
fire-retardant steel elements in non-standard fire conditions.

[66] presents a general procedure for modeling the thermal state of a fire-retardant steel
structure. The procedure allows the use of both simplified and extended calculation methods. How-
ever, no justification is provided for the use of laboratory test results for their use in full-scale tests.

By purpose, steel beams are divided into main (longitudinal, overlapping the run between the
supports) and auxiliary (transverse, overlapping the distance between the main beams) (Fig. 1.2).

O Fig. 1.2 General view of the steel beam

Steel trusses are three-girder geometrically invariant structures consisting of rectilinear rods.
Even though the rods in the nodal trusses are rigidly connected by welding, bolts, rivets or are
a monolithic structure, experiments show that the bending moments in rectilinear rods are much
smaller compared to longitudinal forces. Therefore, in practical calculations, bending moments are
neglected and when constructing the calculation scheme of the truss, it is assumed that ideal
cylindrical hinges are installed in the nodes (Fig. 1.3).
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QO Fig. 1.3 General view of the steel truss

Columns are vertically arranged rod elements that transfer loads from the upper structures to
the foundations. In columns distinguish: the top part — a head on which the above-placed designs
lean; the rod — the main part of the column, which transmits the load from top to bottom, and
the base (shoe) — the lower part of the column, which transmits the load from the rod to the
foundation (Fig. 1.4).

S T

Q Fig. 1.4 General view of metal columns
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If the column works to absorb the load from a single longitudinal force applied to the center of
gravity of the section, it is called centrally compressed. If the longitudinal force does not coincide
with the center of gravity of the section or transverse loads are applied to the rod, then in addition
to compression there is a bend, and the column is called eccentrically compressed.

Solid and tied columns with a rod of constant cross section are most common in central com-
pression. Solid columns are used at high loads and low altitudes, tied, on the contrary — at lower
loads and high altitudes.

Thus, the limit of fire resistance of unprotected steel structures without fire protection is
insufficient. Accordingly, without determining the fire resistance of steel structures, the design of
construction objects is more than abstract, after all, as is the level of fire safety of the object as
a whole [67]. In addition, the use of one or another method of fire protection is associated with
significant economic costs and in some cases reaches 20 % of the total cost of construction.

[68] presents a block diagram showing the advantages of thermal spraying methods of pro-
tective coatings and the main factors influencing the structure and properties of the coating. The
authors propose a procedure for preliminary evaluation of the effectiveness of coatings and the
corresponding method of thermal spraying. The criterion assessment of the improvement of the
characteristics of the details of the design of the aircraft with thermal spraying is proposed to
be implemented within the conceptual approach, which involves the use of an integrated efficiency
criterion, including single, group and complex components. However, the researchers did not pay
attention to the issues of determining the effectiveness of coatings by determining the properties
and their scientific justification.

Therefore, the definition of fire-retardant ability for passive fire-retardant coatings will in-
crease the competitiveness and reduce the cost of such materials [69].

An effective way to increase the fire resistance of steel structures is the use of reactive
(swellable) fire-retardant coatings [70, 711.

In [70] the determination of fire resistance of fire-retardant steel structures protected by
reactive fire-retardant coatings depending on the simulated operating conditions and atmospheric
factors affecting the materials during a certain period was done. However, there are no data
on changes in the thermophysical characteristics of coatings after exposure to climatic factors.

In [71] a practical engineering model for determining the flammability properties and predicting
the fire-retardant ability of reactive coatings by conducting experiments on a steel substrate with
a thickness of 5 mm in a conical calorimeter is presented. However, there are no data on the
behavior of such a coating for fire pratection of steel structures when tested for fire resistance
in special test furnaces.

In [72] the processes of loss of integrity of fire-retardant facing from glass wool of steel
I-beam are considered. The relationship between the integrity of the fire-retardant shell and its
thermal insulation capacity has been studied. It is shown that fire-retardant cladding loses its
integrity under the thermal influence of fire long before the onset of the limit state of loss of fire
resistance in terms of load-bearing capacity.
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There are a significant number of algorithms and methods of fire protection of building struc-
tures, and the choice of the correct solution that allows to minimize costs and achieve effective
project implementation [73, 741.

The work [73] is aimed at developing new and optimizing existing experimental approaches to
determine the fire-retardant ability of coatings, starting with furnaces that consider radiation and
convective heat exchange.

In [74], experimental studies of the characteristics of reactive coatings in standard and
non-standard fire conditions are described using experimental installations corresponding to three
different combustion scenarios. This does not provide data on the accuracy of new and existing
approaches in determining the fire resistance of fire-resistant steel structures.

Given the large number and versatility of the described factors, ensuring the fire resistance
of load-bearing elements of reinforced concrete and steel building structures is an important and
quite complex problem. Solving this problem will allow at the stage of design, construction and
operation of buildings and structures to ensure their stability in high temperature or destruction
due to disruption of the normal cycle of operation of the object.

13 ANALYSIS OF STATISTICAL DATA

131 FIRE STATISTICS

There are more than 250 countries in the world today, in which more than 7 billion people live.
About 8 million fires occur each year, killing about 90 000 people.

About 51 % of all fires occur in buildings and structures and on transport, and such fires
kill the majority (90-95 %) of fire victims. The exceptions are Barbados, Poland and Portugal,
where fires in buildings and transport account for less than 22 % of the total, and Lithuania and
Estonia for less than 30 %. However, in Russia, Ukraine and Singapore, fires in buildings and
vehicles account for at least 75 % of the total. The number of fires in Ukraine that occurred in
buildings and structures during 2007—2020, on average, is 52.7 % of the total, and the number
of deaths — 95.5 %.

132 ANALYSIS OF EMERGENCIES AND FIRES ASSOCIATED WITH LOSS OF FIRE RESISTANCE

Despite technical progress in construction and fire-fighting equipment, fires have not be-
come less dangerous today. Large-scale fire tragedies are still claiming thousands of lives and
causing millions in damage. The following resulted in a fire in Sao Paulo (February 1, 1974) in
a 24-storey building on the 12th floor, which killed 179 people and injured about 300; a fire at
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the “Russia” hotel in Moscow on February 25, 1977, claiming 42 lives. A fire in Karamay, China,
broke out in the palace of culture “Friendship Hall” on December 8, 1994, killing 323 people, includ-
ing 288 children. A fire broke out in two twin skyscrapers of the World Trade Center in New York
as a result of the terrorist attack of September 11, 2001, which led to their collapse and death
of about 3 thousand people. A fire in the “Windsor” skyscraper in Madrid on April 14, 2005, led to
the complete collapse of the building's structures.

On the night of June 16, 2009, a mazut flare burning occurred at a refinery in Komso-
molsk-on-Amur as a result of depressurization of the flange connection. The fire was extinguished
in two hours, no one was injured or killed.

On December 27, 2010, an explosion occurred at the oil refinery of Trans-baikal Oil Refin-
ery LLC in the village of Dauria in Transbaikal. The blast killed five people, all five citizens of the
People's Republic of China, who were at the epicenter of the blast. The reprocessing facility was
destroyed by 90 % because of the explosion and further development of flare burning.

The causes of the fire at the Saratov Oil Refinery (Fig. 1.5) on October 4, 2012 was a leaky
overlap of the valve assembly. As a result, there was an emission of the vapor-gas phase of the gas
oil from the drain valve with subsequent ignition and the occurrence of flare burning.

O Fig. 1.5 Fire at the Saratov Oil Refinery on October 4, 2012

A fire on the “Abkatun Alfa” oil platform in the Gulf of Mexico killed 15 people and more
than 50 were injured. Material damage is estimated at tens of millions of dollars.

Material damage from the fire in the reservoir park of the “Usa” oil treatment plant (Republic
of Komi, May 21, 2014) amounted to more than 53 million RUB (Fig. 1.6).
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QO Fig. 1.6 Fire in the reservoir park of the “Usa” oil treatment plant
(Komi Republic, May 21, 2014)

In June 2014, there was an accident at the Achinsk refinery. The explosion of hydrocarbon
gas at the gas fractionation plant led to a flare, followed by the spread of the fire to an area
of 400 square meters. As a result of this incident, 8 people died and 24 were injured. The damage
from the fire is estimated at $ 800 million and is one of the largest insurance losses in the world
in the oil and gas industry (Fig. 1.7).

O Fig. 1.7 Destruction of structures because of the accident
at the Achinsk refinery in June 2014
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The most frequent progressive collapse is observed when exposed to the construction of
buildings and structures temperature effects of fires (Fig. 1.8) [75, 761.

O Fig. 1.8 Progressive collapse of metal structures of the building because of fire

[75] describes the engineering aspects of the terrorist attack on the towers of the World
Trade Center of the United States in 2001. In [78] the probabilistic methodology based on the
thermomechanical analysis of finite elements from the research of influence of variability of thermal
properties of concrete on fire safety of designs and the building as a whole is presented.

On August 28, 2019, in the city of Drohobych, Lviv region, prabably due to an explosion (det-
onation burning), the entire entrance of a four-storey building collapsed. According to the State
Emergency Service in Lviv region, it was a four-storey brick house, built in 1960, with 64 apart-
ments. The second entrance collapsed, in which there were 15 apartments and a hairdresser's:
7 apartments were destroyed (4 one-room, 3 three-room and hairdresser's premises), 8 apart-
ments (3 two-room, 5 three-room) were damaged. In the Russian Federation from 1995 to 2006
there were at least 7 cases of large collapses of buildings due to an explosion of domestic gas. Also,
in 2015, part of the barracks near Omsk collapsed.

The Sampoong Department Store collapsed on June 29, 1995 in the Seochogu district of
Seoul, Republic of Korea. This is the greatest peacetime catastrophe in the history of South Korea.
As a result of the collapse of the building, 502 people died and 937 were injured. Prior to the
September 11 terrorist attacks in the United States and the collapse of Rana Plaza in Bangladesh,
it was the largest number of victims in the collapse of a building in modern world history (Fig. 1.9).

On the morning of January 31, 2020, the building of the St. Petersburg sports complex was
demolished on Yuri Gagarin Avenue (Russian Federation). In its place they intended to build the
largest ice arena in the world. In the process of dismantling there was a collapse (Fig. 1.10), which
killed one person.
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QO Fig. 1.10 Collapse of the St. Petersburg sports complex, January 31, 2020

On September 21, 2020, a three-story building collapsed in the city of Bhiwandi, located near
the metropolis of Mumbai in India, killing 39 people (Fig. 1.11). The building in the suburbs of Mum-
bai collapsed on Monday at about 4:00 local time. After the collapse, local residents helped almost
20 residents get out of the rubble, and up to 25 people remained under the rubble.

As a result of a gas explosion on February 27, 2012 in a nine-storey residential building located
in the city of Astrakhan, an explosion wave destroyed 4 first floors of the building (Fig. 1.12).
When witnesses to the tragedy began to help the injured residents, the entrance fell completely.
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As a result of the incident, 12 people were injured, including two children. Another 14 locals are
missing. Eyewitnesses of the tragedy are convinced that the collapse of the entrance caused the
death of people.

O Fig. 1.11 The collapse of a three-story building in Bhiwandi, India,
on September 21, 2020

O Fig. 1.12 Collapse of a nine-storey residential building in the city of Astrakhan,
February 27, 2012

On May 16, 2019, a building collapsed in Shanghai, killing 21 people. The incident oc-
curred when the roof of the building fell. All the victims are workers who built a factory for
a car dealership.
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Analysis of statistics shows that the problem of protection against avalanche-like destruction
of buildings and structures due to fires and explosions of household gas or detonation of ammunition
is quite relevant. It requires a detailed study based on world experience and is reduced to design
decisions in the design, taking into account the operation of building structures in emergency situ-
ations, including the use of fire-resistant building structures.

Schematically, the deformation of the floor slabs and interior walls of the panel building is
shown in Fig. 1.13.

O Fig. 1.13 The scheme of deformation of floor slabs: a — as elements of
the hanging system; b — the inner walls of a large-panel building

The most important characteristic that a building or structure should have is survivability,
which means the property of the structure to provide its functional purpose partially or completely
in the event of failure of individual structural elements [77, 78].

International fire safety standards for buildings and structures introduce special regulations for
the time during which building structures, buildings and constructions must resist the combined ef-
fects of workloads and high-temperature fires [78]. This resistance time is linked in the norms with
other elements of the fire protection system, such as fire barriers, gaps, evacuation procedures.

Analysis of the events of September 11, 2001 and other accidents showed that more atten-
tion should be paid to the progressive destruction in addressing the safety of facilities, including
through the use of fire-retardant steel and reinforced concrete structures with scientifically sound
and standardized parameters [79].

The analysis showed that a large number of emergencies, including fires, occur due to neglect
or disregard in the design of fire resistance requirements for building structures that make up
buildings and structures.
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One of the factors on which fire safety is based during the design and operation of buildings
and structures for various purposes is to ensure fire resistance of building structures and their
ability to spread fire. New construction technologies involve the widespread use of a variety of
building structures, the use of which usually involves mandatory regulatory requirements for com-
pliance with the limits of fire resistance and fire propagation. These requirements can be provided
by a complex or systems of a protective layer, which is provided both by production technology
(reinforced concrete structures, sandwich panels) [80] and the use of reactive and passive fire-re-
tardant coatings. Fire-retardant coatings are represented by a wide range of both domestic and
foreign production, the analysis of the characteristics of which requires detailed study. Given the
above, it is important to determine the effective means, technologies and methods for calculating
the fire resistance of building structures and fire protection parameters of building structures.

14 MODERN APPROACHES TO FIRE RESISTANCE

One of the factors on which fire safety is based during design, construction, expansion, recon-
struction, technical re-equipment, overhaul, change of functional purpose of buildings and struc-
tures for various purposes is to ensure fire resistance of building structures and their stability not
to spread fire.

Fire protection of building structures is an integral part of the system of measures to ensure
fire safety and fire resistance of buildings and structures.

The task of fire protection is to create on the surface of structures heat-insulating screens
with low thermal conductivity, able to withstand high temperatures, as well as to insulate the
surface of the structure from direct fire. Such screens allow to slow down warming up of a design
that raises the actual limit of fire resistance and keeps its properties at a fire within the set period.

As a result of the research [81] the limit thresholds of the beginning of swelling from the
point of view of temperature of steel are received, it is established that the beginning of swelling
of a covering is directly influenced by heating conditions on an open surface and initial thickness of
the put flame retardant. There are no reliable data on the heating conditions in the fire furnace of
fire-resistant steel structures.

[82] described the testing of fire-retardant steel samples of reduced size in a hydrocarbon
fire, which proved the effectiveness of the proposed laboratory furnace as an additional tool for
industrial tests for fire resistance. However, the reliability of the results obtained on the samples
of reduced size and the possibility of their application in large-scale tests have not been determined.

The study [83] is devoted to the development of fire-retardant substances that form coatings
on steel structures and describes the effect of the main compaonents of the developed composi-
tions on the characteristics of fire-retardant such coatings. At the same time, the influence of
thermaphysical characteristics of coatings on the fire resistance of fire-resistant steel structures
remained unresolved.
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Flame retardants are used to increase the fire resistance of building structures — the ability
of structures to maintain their load bearing and (or) protective functions during a fire [84-86].

In [84] the existing “traditional” formulations of fire-retardant compositions are improved,
by means of substantiation of changes in compositions and technologies of manufacturing of initial
compositions. At the same time, the influence of thermophysical characteristics of coatings on the
fire resistance of fire-retardant steel structures remained unresolved.

[85] presents the results of a detailed evaluation of a method that can be used to predict the
behaviour of reactive flame retardant coatings for steel structures and thermal conductivity in
different conditions (changes in steel cross-sectional thickness, coating thickness and the nature
of the fire).

However, the accuracy of the method and its adequacy in arbitrary fire conditions, and hence
the effectiveness of the method are not given.

In [86], the fire resistance of building structures was predicted based on a model for the
design of reactive fire-retardant coatings, which includes the thermophysical characteristics
of the coating.

Fire-retardant materials do not have fire resistance separately from the building structures
they protect. Therefore, the assessment of the fire resistance of these materials is associated
with the assessment of fire resistance of protected building structures [87]. At the same time,
the question of the correctness and accuracy of setting the parameters of fire-retardant coatings
for thermal calculation remains open.

Thus, the assessment of fire resistance of building structures (individual structure, part of the
structural system or structural system as a whole), including the use of fire-retardant substances,
considers the following stages:

— selection of project fire scenarios;

— determination of the appropriate temperature regimes of the fire;

— determination of temperature increase (thermal state) in building structures and (or)
stress-strain state of building structures in case of fire.

141 FIREPROTECTION OF REINFORCED CONCRETE STRUCTURES

Fire protection of reinforced concrete building structures is an integral part of the system of
measures to ensure fire safety and fire resistance of buildings and structures [88].

One way to reduce fire damage is to use fire retardant coatings. According to experts, there
are no coatings that can protect the building structure from fire for a long time. The main purpose
of their application is to delay the increase in temperature of the building structure and, according-
ly, the loss of properties. The priority for foreign developers of fire-retardant coatings is to create
new, more effective and improve existing fire-retardant materials that can significantly reduce the
fire hazard of protected objects [89].
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The most common materials used in passive fire protection include:

— structural fire-retardant materials — screens (plates, segments, bricks) based on non-com-
bustible insulating and heat-absorbing materials — perlite, vermiculite, refractory fibers with
filers [90, 911,

— fire-retardant plaster mixtures of special composition, which increase the limit of fire resis-
tance of steel and reinforced concrete structures up to 240 minutes;

— fire-resistant gypsum boards [92].

Fire-retardant plasters are, as a rule, cement-vermiculite composition with a complex of spe-
cial additives, which forms a coating with high adhesive strength to concrete surfaces and relatively
low density (240-400 kg/m®) [93]. The composition is delivered in the form of a dry construction
mixture, which after adding water is applied in a mechanized way to obtain a coating with a thick-
ness of 10-50 mm, depending on the required limit of fire resistance.

The mechanism of action of coatings of this type is to reduce the rate of heating of concrete
or metal due to the insulating properties of the protective layer. The undeniable advantages of
fire-retardant plasters include:

— high degree of fire safety, which consists in the absence of smoke and toxic combustion products;

—a large limit of fire resistance — up to 360 minutes or more, which exceeds the same figure
for gypsum boards;

— relatively low cost of material.

Various fire-retardant coatings and facings can be used for fire protection of reinforced con-
crete structures. These materials have different thermaphysical characteristics (density p, ther-
mal conductivity ., specific volumetric heat capacity ¢,), and, accordingly, may have different values
of the required minimum thickness to ensure the normalized limit of fire resistance of reinforced
concrete structure. The formulation of such fire-retardant materials is constantly improved, so it
is very important to know the degree of influence of a coefficient on the fire-retardant ability of the
coating or cladding, it is also necessary to take into account the influence of thermal conditions on
the structure with fire protection [94, 95].

In [94], based on the developed refined method of calculating the load-bearing capacity of
the reinforced concrete floor slab in case of fire, it is proposed to increase the fire resistance of
reinforced concrete floor slab with perlite plaster with a reasonable thickness, which will increase
the fire resistance limit 2 times. However, no data are provided on the accuracy of the method and
its use in arbitrary fire conditions.

In [96], experimental studies of the fire-retardant action of the coating based on the
gel-forming system at all points of the factor space were carried out. A regression equation is
obtained, which describes the influence of qualitative and quantitative composition of the coating
on its fire resistance.

The authors of [97] investigated the influence of the degree of homogeneity of the Si0, sol on
the duration of the induction period and the quality of fire-retardant coatings. Prospects for the
use of IR spectroscopy as an express method for studying the phase composition of the gel coating,
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the degree of completion of the hydrolysis of the organosilicon component are shown. However, the
researchers [97] did not pay attention to the influence of coating thickness on the fire resistance
of fire-retardant reinforced concrete floors.

In [98], the height of the dry and wetted layers of foam glass required to stop the burning of
one, two and three atomic alcohols was experimentally determined. It is concluded that alcohols
can be quenched with dry and moistened foam glass, both with a layer of gel applied to its surface
and without a layer of gel.

Plasters based on light fillers for small volumes of work can be applied using a manual plastering
tool, but the most technological process is plastering by wet shotcreting. Shotcreting allows you
to create fire-retardant coatings that accurately replicate the shape of the building structure,
which is protected.

There are a large number of passive fire-retardant coatings for the protection of reinforced
concrete structures.

Fire-retardant plaster composition “SOSH-1" (R 45-R 240) is a mixture based on a binder
component with perlite sand produced by the company “Kroz”. It is intended for protection against
action of fire of bearing reinforced concrete constructions of high-rise buildings, transport tunnels,
underground parking lots and garages. Provides fire resistance of reinforced concrete structures
from 45 to 240 minutes (depending on the type of concrete structure, class of working reinforce-
ment and its position in the cross section of the structure). It has a low bulk density (450 kg/m®),
thanks to which it provides high values of fire resistance at significantly lower material costs. In
addition, passive fire-retardant coatings manufactured by the same company are known: highly
dispersed paint “0ZK-01" and fire-retardant coatings “IZOVENT-PZh” and “IZOVENT-UP”. Accord-
ing to the manufacturer, fire-retardant paint “0ZK-01" is the simplest and high-tech way of fire
protection of reinforced concrete. The paint is applied to the soil “GAZ-K” (0.05 mm thick) and at
a dry layer thickness of 1.1 mm and a consumption of 1.9 kg/m? has a fire-retardant efficiency of
at least 120 minutes when reaching the limit state. “IZOVENT-PZh” coating is designed to increase
the limit of fire resistance of reinforced concrete structures and is a composite slab with dimen-
sions of 1200x600 mm.

Another well-known manufacturer of passive fire-retardant coatings for reinforced con-
crete structures of JSC “A+B Baltika” (Kaliningrad, Russia) has developed a coating com-
position based on fire-retardant composition “Phoenix STV”. Passive fire-retardant coating
provides fire resistance of reinforced concrete building structures of buildings and structures
for 150 minutes. Also known coating “Devisprey” to increase the fire resistance of building
structures to 150 minutes. Passive fireproof coating “Devisprey” consists of kaolin fiber, inor-
ganic binder (Portland cement) and special additives. This coating is a non-combustible thermal
insulation system with low air permeability and high thermal protection properties, which allow
to perfectly protect reinforced concrete building structures from the effects of heat flow and
flame. The coating is used to protect steel, reinforced concrete building structures on all types
of civil and industrial construction.
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“Neospray” fire retardant coating consists of expanded vermiculite, inorganic binder, fillers
and target additives. “Neospray” fire-retardant coating is a fire-retardant plaster that forms
a non-combustible thermal insulation system with low air permeability and high heat-protective
properties, which allow to protect building structures from the action of heat flow and flame for
a specified time. Fire-retardant treatment with “Neospray” coating increases the limit of fire
resistance of reinforced concrete building structures to 240 minutes. The disadvantage of all
these passive fire-retardant coatings is the impossibility of use in open areas under the influence of
climatic factors, the large thickness of the coating, expensive equipment for application.

“Technoterm Group” Ltd. manufactures high-performance fire-retardant composition “So-
term-1B”, designed for fire protection of reinforced concrete structures, operated both inside
premises, buildings and structures for industrial and civil purposes, and outside them. The com-
position applied to reinforced concrete multi-hollow slabs provides a fire resistance limit (RE/ of
at least 180 minutes at a coating thickness of 25 mm. Fire tests were performed on samples
that are full-size multi-hollow plates (6200x1150x220), loaded with a uniformly distributed load
of 1115 kg/m2. The limit state was determined by the deflection of the central part of the plate.
In both cases, the tests were stopped three hours after their start, until the values of deflections
corresponding to the limit states were reached. “Soterm” formulations are mixtures of expanded
vermiculite, inorganic hinders, mineral micro-fittings and special additives, soluble in water in the
conditions of the construction site with the formation of a paste. After applying the paste on the
surface to be protected and drying, a fire-retardant coating identical to the composition of the
original dry mixture is obtained.

For most fire-retardant coatings, the thermophysical characteristics are unknown, which com-
plicates the establishment of fire resistance of fire-resistant building structures and evaluation of
their effectiveness in the calculation and experimental determination of the limits of fire resistance
of such structures.

Therefore, a detailed analysis and study of the properties of fire-retardant substances, in
the future will scientifically substantiate the parameters of fire-retardant coatings for effective
assessment of fire resistance of fire-retardant reinforced concrete building structures.

142 FIRE-RETARDANT MATERIALS USED FOR FIRE PROTECTION OF STEEL STRUCTURES

Statistics show that a large number of fires occur in buildings and structures made of steel
structures. For example, the “DeepWaterHorizon” oil rig, which consists of steel structures,
had a methane explosion and a fire that lasted 36 hours, after which it sank. 11 people died
and 17 were injured. The accident was accompanied by prolonged (87 days) and large-scale
(up to 4.9 million barrels) oil pollution in the Gulf of Mexico.

When designing the buildings of the World Trade Center, the impact strength was calculated
(Boeing-707, weight 150 tons). Each tower withstood the impact of a Boeing-767, which weighed
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about 30 tons more. The fire started from a fuel explosion in the tanks of the planes, which
were 70 % full. The temperature of 1000-1200 °C caused rapid heating of the steel columns
and crossbars, due to which they lost their strength and avalanche-like destruction of the towers
occurred (103 and 62 minutes after impact, respectively).

All this indicates that steel structures are widely used in construction, but their use is accom-
panied by the need for fire protection to increase the fire resistance of such structures [99, 100].

In [99] the latest developments in the field of reactive fire-retardant coatings with special
emphasis on organic coatings, which in their aesthetic appearance, speed of application, ease of
maintenance has advantages over such types of fire-retardant coatings as concrete and plaster-
board coatings. The role of different ingredients in the composition of the flame retardant, their in-
teraction in coatings, the synergism of different pigments, binders and additives is briefly analyzed.

In the article [100] the results of experimental research of influence of a finishing covering on
fire resistance of fire-retardant steel elements by reactive coverings, by comparison of tempera-
tures and effective coefficients of thermal conductivity of coverings with a finishing covering and
without it are presented. It is established that the effect of the finishing coating is enhanced by the
use of thinner, swellable coatings. The topcoat affects the performance of water-based coatings
under fire conditions in large rooms with a lower maximum temperature and a slower heating rate
than standard fire conditions. At the same time, the issues of the influence of the coating thickness
on the fire resistance of fire-resistant steel structures remained unresolved.

In [101], the temperature of a steel structure protected by a reactive fire-retardant coating
during fire exposure was predicted using a constant value of the thermal conductivity. The results
of the study of the possibility of using constant thermal conductivity for the swellable coating when
calculating the temperature of a fire-resistant steel structure during a fire are presented. The re-
search is based on the analysis of a series of tests for fire resistance of steel structures protected
by a coating, with a series of coefficients of cross section and thickness of the reactive flame
retardant coating. Constant thermal conductivity allows to develop simplified analytical equations
for design. However, the constant value of the thermal conductivity is a rather rough approach
to assessing the fire resistance of fire-resistant steel structures and does not always allow an
accurate approach to the assessment of fire resistance.

In [102] the influence of flare hydrocarbon combustion on building structures and technological
installations is considered. The results of tests of flame retardant reactive coatings on the devel-
oped experimental setup are presented, the criteria of the model of efficiency of flame retardant
coatings are obtained: relative flame retardant efficiency, flare criterion. However, the issues
concerning the defined criteria and their application in the estimated assessment of fire resistance
of fire-resistant steel structures are not fully investigated.

In a fire, steel quickly loses its strength, which ultimately leads to a loss of load-bearing ca-
pacity until the destruction of buildings [103]. At temperatures above 400 °C for steels and
over 200 °C for aluminium alloys, the creep of the material begins (significant development of
plastic deformations under constant load). The high strength of the material causes relatively small

27



FIRE RESISTANCE OF REINFORCED CONCRETE AND STEEL STRUCTURES:

cross sections of structural elements. At the same time, steel has a high thermal conductivity, so
in case of fire, the load-bearing structures made of steel and aluminium alloys are quickly heated
to the temperature of transition of the metal to a plastic state and destruction occurs. Currently,
the fire resistance of steel structures and their elements protected by fire-retardant coatings is
normalized and determined by tests for fire resistance at standard fire temperatures, which does
not always meet modern fire safety requirements for buildings and structures. For example, at the
facilities of oil and gas and petrochemical complexes, fires are characterized by a rapid increase in
temperature to 1100 °C at the beginning of its development [104, 105]. Therefore, the study of
the behaviour of steel structures with fire-retardant coatings in test conditions at a fire tempera-
ture different from the standard is an important element of the system of reliability of buildings
and structures by using fire-resistant steel structures with scientifically sound parameters of fire
protection systems.

The main task of fire protection of steel structures is to create on their surface a heat-insulat-
ing layer with low thermal conductivity, which is able to withstand high temperatures and insulate
the surface of the material from the direct action of dangerous fire factors [108].

The following methods are used for fire protection of steel structures:

— constructive-planning decisions and re-planning of premises taking into account fire-
hazard technologies;

— facing with large elements;

— use of fire-retardant elements;

— concreting;

— plastering;

— facing with a brick;

— facing with ceramic tiles;

—increase the cross section of load-bearing elements.

The method of fire protection of the structure depends on the normalized limit of fire resis-
tance, type of structure, operating conditions of the structure, aggressiveness of the environment.

Each of the methods of fire protection has its disadvantages and advantages.

The choice of constructive protection is made on the basis of technical and economic calcu-
lation. So, at concreting it is necessary to consider constructive properties of concrete and a
design as a whole. Brick cladding has a negative effect on architectural planning decisions, reducing
the useful volume. Applying plaster requires significant material costs. In addition to the chemical
composition, the key determining factors in the use of fire-retardant coatings were the bound-
ary conditions of the protected surface, the thickness of the coating, heating conditions and the
method of testing for fire resistance. All of them should be considered for accurate and systematic
testing and development of an environment that allows you to explicitly quantify the effectiveness
of flame retardant coatings [107].

As practical experience shows, constructive measures in their effectiveness are not widely
used due to the complexity, as well as the complexity of their implementation at the stage of
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reconstruction in the re-profiling of production technology. The above facings are quite reliable and
durable, but they significantly increase the weight of structures and are time consuming.

The desire to reduce the weight of fire-retardant cladding has led to the recent development
of light plasters and coatings bhased on ashestos, perlite, vermiculite, phosphate compounds and
other effective materials.

These facings have a low density (200-800 kg/m?) and therefore low thermal conductivity.
They can be used to increase the fire resistance of structures up to 45 minutes or more.

Fire tests have shown that, for example, fire-retardant phosphate coating is able at a thick-
ness of 25 mm to increase the fire resistance of the column of hox section 200x200x16 mm
to 120 minutes. Such a limit of fire resistance of facing from usual heavy concrete can be provided
only at a thickness of 50 mm. Therefore, the use of phosphate coating instead of concrete reduces
the mass of fire-retardant cladding by 10 times [108].

Fastening of light facings on a surface of designs is provided with reinforcing frameworks and
anchors from a wire with a diameter of 3 mm.

For fire-retardant facing it is possible to use the semi-rigid mineral wool plates fastened by
means of steel anchors and frameworks.

In recent years, various fire-retardant coatings, varnishes and paints are more widely used for
fire protection of building steel structures [109, 110].

In [109], an experimental study of cracks and delamination of reactive flame retardant coat-
ings and their effect on increasing the temperature of steel elements. As a result, it was found
that cracks and delamination affect not only the average temperature of fire-retardant steel struc-
tures, but also the temperature distribution inside the fire-retardant steel structure. However,
the effect of cracks and delamination of reactive flame retardant coatings as a result of climatic
factors has not been studied.

In [110] the efficiency and influence of different flame retardant compounds on the charac-
teristics of steel during a fire were studied. The formulations are based on fire-resistant additives,
which include substances as hinders and refractory fillers for the synthesis of water-based coatings.

To increase the fire resistance of load-bearing steel structures use 2 methods: insulation
and heat dissipation. Thermal insulation is provided by applying plaster, cladding, application of
substances that swell under the action of temperature.

[111] presents the results of an experimental study to investigate the effect of topcoat on
the durability and fire-retardant properties of swellable coatings for steel structures. The results
of chemical analysis tests show that the topcoat can limit the migration of hydrophilic components
of the swellable coatings and, therefore, improve the shelf life of the coatings.

Therefore, other things being equal, the advantage remains for fire-retardant coatings with
a greater limit of fire resistance [112].

In [112], the thermal characteristics of a new swellable flame retardant coating were studied
in the laboratory using a combination of small-scale and large-scale tests. For small-scale tests,
experiments were performed using thermogravimetric analysis at several heating rates in
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a nitrogen atmosphere. The results showed that the thermal destruction of the coating occurred
at different stages, and the main weight loss occurred at a temperature of about 300 °C. For
large-scale tests, experiments were performed in a conical calorimeter using a stainless steel
plate as a platform to support the sample. The results showed that the normal height of the
expansion of the coating was constant at different levels of heat flux. Therefore, the expansion of
the coating can be considered as a function only of the rate of mass loss, and not on the magnitude
of the external heat flux.

In [113, 114] fire-retardant compositions are proposed, which can work in the conditions of
both standard temperature regime and hydrocarbon fire regime, which is quite relevant for the
objects of oil and gas industry.

In [114] the authors developed a new flame retardant for hydrocarbon fire conditions with
improved rheological characteristics due to synthesized organ clays and studied the physicochem-
ical patterns of coke layer formation at high temperatures other than the standard temperature
curve. However, the researchers did not pay attention to the use of the developed coatings in
other arbitrary fire regimes.

The heat-resistant material “Rubin”, which swells, was developed at the Central Research In-
stitute of Structural Materials “Prometheus” and the Central Design Bureau of Marine Technology
“Rubin” (St. Petershurg, Russia). Ruby-based coating has high physical and mechanical properties:
flexural elasticity — 20 mm, impact strength — 30 mm. The five-layer, 2 mm thick, swellable coating
of fire-retardant material ensures fire resistance of the steel structure for 45 minutes. However,
researchers do not provide data on the use of the developed composition in other arbitrary fire
regimes with scientifically sound parameters.

Several fire-retardant coatings have been developed abroad, mainly on an organic basis [115-1171.

[115] presents the characteristics of heat dissipation, charring and fire-retardant character-
istics of swellable thin-film coatings. The fire-retardant ability of the coatings was evaluated using
the Bunsen burner test to study the equilibrium temperature and the formation of a charred layer.
As a result, it was found that the addition of biofiller is effective to limit the spread of fire, as well as
to reduce the heat released after heat exposure and the equilibrium temperature of the coatings.

In [116], two series of new sol-gel coatings were prepared, which contained floating fly ash
balls and granular blast furnace slag using Na2Si03 as an alkaline activator in combination with an
organic modifier and a film-forming agent. The results showed that the geopolymer coating has
turned into a layer to block heat transfer and mass, which reduces the value of heat dissipation
rate and fire growth index, as well as to increase the fire resistance index.

In [117] for the first time an effective coating based on benzoxazine was developed. The pro-
posed compositions were applied to steel structures and subjected to fire resistance tests. The
coatings were characterized by thermogravimetric analysis and microcalorimetry. The developed
composition, which forms a coating on the steel surface, showed effective protection against fire.
Steel structures coated with flame retardants containing expanded graphite showed a decrease in
temperature by 300 °C compared to the uncoated substrate.
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“Tremco lllbruck Coatings Limited” — NULLIFIRE (UK) for fire protection of steel structures
produces a reactive flame retardant with the trademark R-60. Preservation of appearance of a
covering is provided by drawing a finishing layer of material Top Scaler. The thickness of the formed
coating with a thickness of 1.5 mm provides the limit of fire resistance of the steel structure up
to 60 minutes.

[118] presents the methodology and results of the study of the characteristics of the variabil-
ity of the temperature dependence of the thermal conductivity, defined in EN 13381-8, and the dry
film thickness for one type of reactive flame retardant coating in standard fire conditions, as well
as their impact on coating reliability. structures.

The System — S60 fire retardant coating, developed by Nullifire Ltd, is a water-based reactive
fire-retardant coating. With a coating thickness of up to 10 mm, the coating provides a limit of fire
resistance of steel structure up to 90 minutes.

The well-known alkyd fire-retardant coating manufactured by Berger Industrial Coatings — Uni-
terhm provides an increase in fire resistance of steel structures from 30 to 60 minutes. Other
reactive flame retardant coatings based on aminoformaldehyde copolymers using phosphogypsum
and polyphosphates as gasifiers and flame retardants are also known. Such coatings are produced
in Germany (DS-324, “Pyromors”) and Finland (“Winter”).

In Ukraine, certified flame retardants and polymer-based paints: “Poluplast-K” (Hungary), UN-
UTERM 38091 (HERBERTS GmBH, Germany), “FOUM-COAT” (USA), “Biro-COAT” (Germany) and many
others, which are used to increase the limits of fire resistance of steel and aluminium structures.

As can be seen from the analysis, there are a large number of fire-retardant substances and
materials to increase the limits of fire resistance of steel structures. However, to date, the list
of required parameters of the thermal state of fire-resistant load-bearing steel structures to
ensure fire resistance of buildings and structures during their operation in high-temperature fire,
and consequently, the loss of stability and serviceability of individual structures and buildings in
general [119].

CONCLUSIONS ON SECTION1

1. Analysis of the current state of fire safety of buildings and structures of industrial and civil
construction showed the presence of contradictions that arise in the process of analyzing the
conditions for fire resistance of fire-retardant building structures. Resolving these contradictions
creates the conditions for safe operation of buildings and structures using fire-retardant rein-
forced concrete and steel structures with scientifically sound parameters of their fire-retardant
coatings. Based on the analysis, it is established that ensuring the normalized value of the limit of
fire resistance of load-bearing elements of reinforced concrete and steel building structures is an
important and complex problem, the solution of which will allow at the stage of design, construction
and operation of buildings and structures of industrial and civil construction. construction of building
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structures that are able to provide buildings or structures with resistance to high temperatures or
destruction due to disruption of the normal cycle of operation of the object.

2. Analysis of emergencies and fires in the world showed that most fires occur in buildings and
structures (51 9%). For Ukraine, this figure for the last ten years is 52.7 % of the total number,
and the number of deaths on them — 95.5 %. The main principles of fire resistance of structures
are the use of active and passive means of increasing the fire resistance of steel and reinforced
concrete structures. As a result of the analysis, it was found that a large number of emergencies,
including fires, occur due to neglect or disregard in the design of requirements for fire resistance
of building structures, including fireproof, which make up buildings and structures.

3. One of the priority areas to ensure fire resistance of buildings and structures is the use
of fire-resistant building structures. Increasing the fire resistance of fire-retardant building struc-
tures is provided by the use of fire-retardant substances with scientifically sound parameters. An
effective principle of increasing the fire resistance of fire-retardant building structures is the use
of reactive and passive fire-retardant coatings for fire protection of steel and reinforced concrete
structures, which increase the limit of fire resistance of such structures to normalized values.
An analysis was performed, as a result of which it was established that there is a large number
of fire-retardant substances and materials to increase the limits of fire resistance of steel and
reinforced concrete structures. However, to date, the list of necessary parameters of the thermal
state of fire-resistant load-bearing steel and reinforced concrete structures to ensure fire resis-
tance of buildings and structures during their operation in high-temperature fire, and therefore, the
loss of stability and serviceability of both individual structures and the building as a whole.

4. Fire-retardant coatings are represented by a wide range of both domestic and foreign pro-
duction, the analysis of the characteristics of which requires detailed study. Given the above, the
definition of effective tools, technologies and methods for calculating the fire resistance of building
structures and the parameters of fire protection of building structures in general is quite relevant.
Therefore, a detailed analysis of the composition and properties of fire-retardant substances,
which will further provide a scientific basis for the parameters of fire-retardant coatings to de-
termine the fire resistance of fire-retardant reinforced concrete structures, is an insufficiently
studied problem.
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ANALYSIS OF THE STATE OF THE ISSUE REGARDING
THE ASSESSMENT OF FIRE RESISTANCE OF REINFORCED
CONCRETE AND STEEL BUILDING STRUCTURES

RBSTRACT

The analysis of experimental and calculation methods of fire resistance assessment of unpro-
tected and fire-protected steel and reinforced concrete building structures is carried out. Their
advantages and disadvantages are described. The conducted analysis allows to state the tendency
of spreading the application of the calculation-experimental method for estimating the limits of fire
resistance of fire-retardant reinforced concrete and steel building structures and fire-retardant
ability of coatings for such structures. The conclusion is made, which consists in the need to
develop computational and experimental methods for assessing the fire resistance of fire-resistant
steel and reinforced concrete building structures. The methods must have sufficient accuracy for
engineering calculations when estimating the limits of fire resistance of fire-retardant structures
with fire-retardant coatings.

KEYWORDS

Experimental method of fire resistance assessment, calculation method of fire resistance
assessment, climatic factors, calculation-experimental method of fire resistance assessment.

21 METHODS FOR ASSESSING THE FIRE RESISTANCE OF BUILDING STRUCTURES

211 EXPERIMENTAL METHODS

Determining the limits of fire resistance of building structures, both with and without fire pro-
tection, can be performed both by calculation methods (simplified method, refined method, deter-
mination of fire resistance using tabular data) and based on experimental tests for fire resistance.

Recently, considerable work has been done in Ukraine on the standardization of methods for
determining fire resistance for almost all types of building structures. Thus, the requirements
for methods of testing building structures for fire resistance are set by the state standard
DSTU B V.1.1-4-98*. It considers the main provisions of current regulations, requirements
and recommendations of the International Standard 1SO 834-1:1999, the European Standard
EN 1363-1. A significant step forward was the adoption of a number of national standards for
test methods for building structures and products for fire resistance. DSTU B V.1.1-13:2007,
DSTUBV.1.1-14:2007, DSTU B V-1.1-15.2007 and DSTU B V.1.1-20:2008 provide test methods
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for fire resistance of beams, columns, partitions and floors in accordance. DSTU B V.1.1-19:2007
provides a method for determining the fire resistance of load-bearing walls. DSTU B V.1.1-17:2007
describes a method for determining the fire-retardant ability of fire-retardant coatings of metal
structures. These standards, with some amendments and adaptation requirements, are in line with
European standards EN 1365 and ENV 13381-4:2002.

The essence of the experimental method is to determine the period of time from the beginning
of the impact of fire hazards to the onset of one of the normalized for a particular design of the
limit states of fire resistance. The main principle on which the experimental method is based is the
creation in a special test furnace of test conditions that are close to the real conditions of a fire in
a room, building or structure [45].

European countries are guided by common (almost identical) standards for determining
the limit of fire resistance of building structures, but in some cases, test methods are used
that differ significantly from each other. At the same time, as practice shows, the limits of
fire resistance of fire-retardant steel structures with the most famous fire-retardant coatings
“Protherm Steel” (Italvis Protect Srl, Italy), “Nullifire” (Nullifire Limited, Great Britain) were
studied in testing laboratories of different countries (Great Britain, Australia, Finland, Finland,
Czech Republic, Bulgaria), regardless of the standards differ within the permissible range of de-
viations. In Europe, the concept of bringing all national standards to a single European standard
EN 1363-1 is currently being implemented. This is confirmed by the appearance of new standards
BS EN 1363-1 (UK), DIN EN 1363-1 (Germany), AF EN 1363-1 (France), which are technically
equivalent in determining the performance of fire-retardant performance of fire protection. This
approach greatly simplifies the promotion of imported products, the certification procedure in
the consumer country, makes it more transparent and reliable, and also promotes the practice
of recognizing the conformity of goods.

In Ukraine, there is a positive experience in the use of test methods according to
DSTU B V.1.1-17:2007 — analogue of the European standard ENV 13381-4:2002 [120].

Experimental methods in determining the limits of fire resistance of reinforced concrete struc-
tures were used in [121-124].

[121] presents an experimental rapid assessment of the residual strength of reinforced con-
crete frame buildings after a fire based on non-destructive testing, which allows you to make a
quick and reliable decision, which is necessary for rescuers, forensic experts and structural as-
sessment of the building after fire. The disadvantage of the express method is the impossibility of
its application for individual building structures.

In [122] the main attention of researchers was paid to the study of fire resistance of concrete
columns in the conditions of tests at the standard temperature of the fire. Subsequently, the
residual compressive strength of such columns was evaluated after exposure to a standard fire
for 60 and 120 minutes and under load with two different load factors (20 % and 40 % of the
calculated axial load of the column). As a result of tests, it was found that the columns never
regain their original strength after exposure to the standard temperature of the fire. The residual
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compressive strength of the column decreased to almost 50 % and 30 % of the allowable ambient
temperature for columns exposed to 60 and 120 minutes of fire.

In [123] the results of experimental determination of the limit of fire resistance of a reinforced
concrete beam at the standard temperature of the fire are given. According to the results of ex-
perimental studies, it is proposed to use the method of equivalent time to simulate a real fire using
the test results of the beam at the standard temperature of the fire. However, the researchers did
not pay attention to the use of the method for other building structures and fire regimes.

In [124] the destruction of reinforced concrete columns after exposure to high temperatures
at different temperatures of the fire was analyzed. It is concluded that when assessing the reli-
ability of a reinforced concrete column it is necessary to consider the real temperature of the fire.

An experimental method for determining the limits of fire resistance of fire-resistant and un-
protected steel structures was described in [125-127].

In [125] experimental and calculated data on determination of temperature of steel plates with
a fire-retardant covering in the conditions of fire influence on a standard fire mode are 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.

[12B] considers the results of experimental tests of steel plates of different sizes with wa-
ter-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 thickness at standard
temperature or fire mode, which is slow developing.

[127] describes experimental studies of the behaviour at elevated temperatures of unpro-
tected and fire-retardant steel beams having different sizes and shapes of holes. Experiments have
shown that the results of tests for fire resistance of fire-retardant steel beams were contradicto-
ry in terms of their behaviour at elevated temperatures, the type of material of the fire-retardant
coating and its minimum thickness. Thus, experimental methods for assessing the fire resistance
of fire-resistant steel and reinforced concrete structures are the most accurate. However, along
with the advantages, such methods have disadvantages, which are manifested in the complexity of
sample production, preparation, delivery and testing of fire resistance of large building structures.
This causes significant material costs for testing in accredited laboratories, makes it impossible
to transfer the test results to structures of all sizes and types. The above shortcomings cre-
ate significant limitations in the use of experimental methods for assessing the fire resistance of
fire-resistant steel and reinforced concrete structures.

212 CALCULATION METHODS

One of the most common methods for determining the fire resistance of building structures is
the use of Eurocodes and harmonized with them national standards of Ukraine. One of the priorities
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of European policy is the gradual approximation of Ukrainian legislation, norms and standards to
the relevant documents of the European Union. The development of the regulatory framework in
Ukraine is carried out using the experience of the European Union (regarding the harmonization of
Ukrainian legislation in the field of construction and the regulatory framework regarding the design
of building structures, standards for construction products).

At present, Ukraine has developed and approved national standards for reinforced concrete
and steel structures, harmonized with Eurocodes, namely:

—DSTU-N B V.1.2-13:2008 Reliability system and safety in construction. Attitude. Fundamen-
tals of structural design (EN 1990:2002, IDT);

— DSTU-N B EN 1991-1-2:2010 Eurocode 1. Actions on structures. Part 1-2. General ac-
tions. Actions on structures during fire (EN 1991-1-2:2002, IDT);

— DSTU-N B EN 1992-1-2:2012 Eurocode 2. Design of reinforced concrete structures.
Part 1-2. Terms. Calculation of structures for fire resistance (EN 1992-1-2:2004, IDT);

— DSTU-N B EN 1993-1-2:2010 Eurocode 3. Design of steel structures. Part 1-2. Terms.
Calculation of structures for fire resistance (EN 1993-1-2:2005, IDT);

— DSTU-N B EN 1990:2008 Eurocode. Fundamentals of structural design (EN 1990:2002, IDT).

During the development of Eurocodes, it was assumed that the demonstration of compliance
with regulatory requirements for alternative methods should be carried out using calculations
based on the performance of materials and structural elements.

In the general case, the calculation of building structures for fire resistance includes thermal
and static parts. The thermal part consists in the calculation of temperature fields in the cross
section of the structure, which change over time under the thermal influence of fire [128-132].

In [128] the results of values calculation of time of achievement of critical temperature for
samples of steel designs which have various values of the resulted thickness of a steel profile and
thickness of fire-retardant coverings in the conditions of fire influence on standard temperature
of fire are presented. It is established that experiments on samples of reduced size should be
performed using steel plates with two thicknesses (minimum 5 mm and maximum 10 mm), and a
layer of fire-retardant coating on them, which has three values of thickness: minimum, average
and maximum.

In [129] the results of determining by calculation methods of uniform and non-uniform tem-
perature distributions along the cross section of the steel beam on which the concrete slab rests,
for fire exposure to the standard temperature of fire unprotected steel beam and steel beam
on the surface of which is applied fire-retardant substance are presented. Calculations of the
temperature of the steel beam with its uniform distribution were performed using the computer
program FRIEND, and calculations of non-uniform temperature distributions in the cross section
of the steel beam were performed using the program ANSYS FLUENT. ANSYS FLUENT allows to
model processes of heat exchange in three-dimensional statement with the best, in comparison
with FRIEND, visualization. However, the ANSYS FLUENT program, unlike FRIEND, has a longer time
to calculate the temperature distribution in the structure.
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In [130] the modelling of research of thermal properties of reinforced concrete structural
elements is carried out. Thermal analysis was performed numerically using the ABAQUS package.
The results of the research are compared taking into account the influence of boundary conditions,
i.e., temperature, convection and radiation. Setting convective and radiation boundary conditions
made it possible to obtain more accurate results. A reduction in the discrepancy between the
calculated and experimental results was observed when using thermal characteristics according to
the wording in Eurocode2, which considers the emission of moisture.

In [131] a model was developed to estimate the probability of loss of load-bearing capacity of a
building structure as a result of a fire. However, the developed model does not answer the question
of its use in arbitrary fire conditions.

In [132] the most important conclusions from the research conducted in this industry in re-
cent years are described, the method of calculation of bearing capacity of steel columns considering
uneven temperature heating in an element is formulated.

In [133], fires were studied by CFD analysis using Reynolds averages Navier-Stokes equations
in combination with a turbulence model. The obtained temperatures were correlated with the
experimental results obtained by infrared thermography.

The static part of the calculation of fire resistance is to determine the kinetics of loss of struc-
tures of its bearing capacity due to changes in mechanical properties and combustion of materials,
as well as due to the development of additional efforts with increasing temperature [134-139].

In [134] the analysis of requirements of standards to carrying out tests on fire resistance
of building designs of Ukraine, Belarus and the European Union is carried out. The comparison of
fire resistance test results of the most common reinforced concrete multi-hollow slabs with the
calculation data is carried out.

[135] presents the results of theoretical calculations of a freely supported steel beam exposed
to the standard temperature of the fire using the developed model created in the ANSYS software
package and in the OpenSEES software. At the same time, data on calculations with fire protection
are not provided.

In [136] a method for estimating the fire resistance of a reinforced concrete floor slab was
proposed. The methodology of application of methods of calculation of limits of fire resistance
based on use of a method of finite differences, on an example of an estimation of fire resistance
of a reinforced concrete plate of overlapping is developed. Requirements to the database of initial
data on materials, boundary conditions, construction of calculation schemes and grid models, as
well as a criterion base on the identification of the occurrence of boundary conditions have been
developed. However, this technique is used only for reinforced concrete floor slabs and only for the
standard temperature of the fire.

In [137] a method of approximation of the temperature field in the cross section of a rein-
forced concrete crossbar or beam was developed. An algorithm for determining the temperature
at the nodal points of the section by interpolating the temperatures according to the temperature
values at the control paints of the section is proposed. This algorithm is based on the approxima-
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tion of isotherm lines by elliptic and parabolic approximation dependences. However, the proposed
technique is not applicable to fire-retardant reinforced concrete crosshars and beams and is used
only for the standard temperature of the fire.

In [138] the results of development of methads of verification of results of calculation of limits
of fire resistance of reinforced concrete designs by the specified methods based on modelling of
their stress-strain condition in the conditions of fire are resulted. However, the work does not
consider the thermal calculation of reinforced concrete structures.

In [139], an analysis of the destruction of a reinforced concrete bridge due to fire was per-
formed using computational hydrodynamics and finite element models. The paper presents numer-
ous models for predicting the limit of fire resistance of reinforced concrete structures of the bridge
due to fire and provides recommendations for modelling thermal processes aimed at improving the
structure of the bridge.

In [140], 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 tem-
perature, but do not take into account the presence of fire protection systems and their impact
on modelling accuracy.

The authors in [101] propose to use in the calculation of the temperature of fire-resistant
steel structures in case of fire a constant value of the thermal conductivity of the reactive fire-re-
tardant 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 [141] the results of the test for fire resistance of unprotected steel beams in comparison
with simple and advanced 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.

The development of methods for calculating the fire resistance of structures, especially in terms
of solving the thermal problem, has become possible through the use of modern computer equipment.

When calculating steel structures for fire resistance, the following assumptions are intro-
duced: the mechanical properties of steels are determined only by their temperature and do not
depend on the mode of heating, loading and deformation; due to the high thermal conductivity of
steel, the temperature is distributed evenly across the intersection of structural elements; the
diagram of deformation of steels at high temperatures is similar to the diagram of deformation at
normal temperature. It follows that the limit of fire resistance of steel structures is determined by
the time of their heating to a temperature that corresponds to a decrease in load-bearing capacity
to the level of fire loads. This temperature is called critical. For approximate calculations of ele-
ments of metal constructions at normative loading the temperature of 500 °C for steel elements
and 250 °C for elements from aluminium alloys is accepted as critical. At loads other than standard,
the value of the critical temperature of steel can vary from 350 to 750 °C. Such values should be
specified by static calculation, which is based on the usual methods of static calculation of steel
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structures, considering changes in the properties of steel. The scope of research on changing the
properties of steel structures under the influence of temperatures corresponding to fire conditions
is quite limited.

Thus, the use of calculation methods for assessing the fire resistance of unprotected and fire-re-
sistant steel and reinforced concrete building structures, compared to experimental, has a number
of advantages, such as the ability to perform calculations without high material costs, although cer-
tified software products that are expensive and high quality specialists who will be able to correctly
and reasonably set the parameters of the model of the thermal state of fire-resistant building struc-
tures. After all, inaccuracies in setting the initial, boundary conditions and inaccuracies in the use
of mathematical and physical models of thermal processes occurring in fire-retardant structures
under fire, can lead to erroneous assessment of fire resistance of fire-resistant building struc-
tures, and thus to miscalculations in the design of buildings and structures of such constructions.

213 CALCULATION AND EXPERIMENTAL METHODS

Computational and experimental methods occupy a certain place among the main methods
of the research (analysis) of reinforced concrete and steel building structures for fire resis-
tance (Fig. 2.1). The basis of the methods is a mathematical (computational, computer) model of
the physical process, and the experiment (experimental data) is an auxiliary component necessary
to ensure the adequacy of the selected process model.

OBJECT OBJECT MODEL

f— (COMPUTATIONAL ANALYSIS

(FULL-SCALE EXPERIMENT) ’
COMPUTATIONAL EXPERIVENT)

g iy

IDENTIFICATION OF MODEL PARAMETERS
(INVERSE PROBLEMS)

RESEARCH ‘ | OPTIMIZATION ‘ ‘ FORECASTING

O Fig. 2.1 General scheme of the calculation-experimental method
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Computational and experimental methods are a method of analysis, optimization and prediction
of heat and mass transfer processes, based on a computer or computational model, the adequacy
of which is ensured by parametric or structural identification with experimental information about
the process and solving inverse thermal conductivity problems. Thus, in accordance with the above
definition, the main components of the calculation and experimental method (Fig. 2.1) are:

1. Mathematical or numerical model of the physical process.

2. Experimental data needed to ensure the adequacy of the process model.

3. Methods of identification of parameters of the chosen process model in order to ensure
its adequacy.

4. An adequate mathematical model is obtained, which is then used to solve the tasks of anal-
ysis, optimization or prediction of the physical process under study.

The object and the mathematical model, which describes the basic physical processes occur-
ring in the object, allow to obtain, respectively, the experimental characteristic (T;) and calculate
the model characteristic (Ty,). In turn, these characteristics depend on a number of input parame-
ters P of physical or technological nature.

In our case, such parameters include thermophysical characteristics of steel and fire-retar-
dant coating — thermal conductivity and specific heat. The parameters P are usually unknown, and
their determination is possible by solving the inverse problems of thermal conductivity according
to experimental measurements of Tz The solution of the inverse problems of thermal conductivity
is reduced to the search for such values of P for which the calculated (T, and experimental (T;)
values of some characteristics (in our case thermal) become close to each other.

The criterion for the proximity of these characteristics is most often the value

where m — the number of experimental measurements used to solve the inverse problem;
& — root mean square measurement error.

The parameters of P, the process under study, obtained by solving inverse problems, are used
on the basis of the same model to solve the main engineering problems of analysis — parameter
optimization or forecast. In our case — to obtain the characteristics of the fire-retardant ability of
the coating. Solving inverse problems is an auxiliary procedure aimed at ensuring the adequacy of
the chosen model to the physical processes under consideration.

Thus, the scheme of the calculation-experimental method consists of the following stages:

1. Construction of physical and selection of mathematical models of the thermal state of the
building structures under test.

2. Carrying out of tests (experiments) which are reduced to measurement of temperatures on
a surface of the constructions under test, and in the fire furnace.
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3. ldentification of experimental thermophysical characteristics of the model based on the
solution of inverse problems of thermal conductivity.

4. The use of thermophysical characteristics and models to determine the characteristics of
the fire-retardant ability of coatings of steel and reinforced concrete building structures according
to the results of fire resistance tests.

The above approach can be defined as a set of methodology, models, equipment, methods and
techniques and as a way (means) to achieve the goal.

Determination of the limit of fire resistance in the additional (alternative) mode of fire is carried
out if it is defined in the regulatory or design documentation for the structure.

Combined computational and experimental methods are more powerful and accurate methods
compared to separate experimental or computational methods. As can be seen from the analy-
sis, the calculation-experimental method has an experimental and calculation part. Experimental
includes testing for fire resistance. Computational includes the choice of mathematical and com-
puter models of physical processes occurring in the studied objects, the choice of procedures for
determining the parameters of the model by solving inverse problems and determining the charac-
teristics of fire-retardant coatings of building structures by solving a number of direct problems.

2.2 TEST EQUIPMENT FOR THE STUDY OF FIRE RESISTANCE OF REINFORCED CONCRETE AND
STEEL BUILDING STRUCTURES

The test equipment includes:

— test furnaces;

— equipment for installing the sample in the furnace;

— measuring equipment;

— equipment that allows you to take photos and videos.

The test furnaces must create the temperature and excess pressure in the furnace and pro-
vide conditions for the attachment, support and loading of the specimen in the furnace.

The design of furnaces must provide the possibility of heating walls, partitions, coatings, ceil-
ings, windows, doors on one side and beams, columns, upright and other rod structures on three
or four sides. The dimensions of the furnaces must be such as to enable tests to be carried out on
samples the dimensions of which correspond to the design dimensions of the building structures.

According to the method of heating the working medium, test furnaces are divided into fire and
electric. In fire furnaces, the required temperature is created by burning liquid (diesel, kerosene)
or gaseous fuel (methane, propane, acetylene) in burners.

A manual or automatic temperature control system is used to create the temperature regime
in the furnace.

Full-size test furnaces are designed primarily for certification testing of building structures in
order to determine their actual limit of fire resistance and other indicators of fire hazard. Depend-
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ing on the position of the building structure during the test, furnaces are divided into horizontal,
vertical, special and universal (adjustable).

Vertical test furnaces are used to test walls, partitions, structures with glazing, which are made
of concrete, reinforced concrete, brick, as well as multilayer structures containing layers of metal,
plasterboard, wood, expanded polystyrene, doors, gates, windows for fire resistance (Fig. 2.2).
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O Fig. 2.2 Scheme of the vertical test furnace: 1 — furnace body; 2 — burners; 3 — channel for
exhaust gases; 4 — sample being tested; 5 — thermocouples in the furnace; 6 — exhaust hood

Horizontal test furnaces are used to test slab and beam horizontal structures for fire re-
sistance. With the help of these furnaces, they test slabs and floors, beams, stairs, suspended
ceilings (Fig. 2.3).

A7
I

O Fig. 2.3 Scheme of the horizontal furnace: 1 — furnace body; 2 — burners; 3 — channels
for exhaust gases; 4 — sample being tested; 5 — thermocouples in the furnace; 6 — load on
the sample; 7 — hinged supports
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Special test furnaces are used for thermophysical testing of materials and determination of the
limit of fire resistance of fragments of structures and products in case of fire. In these furnaces
fragments of columns, fragments of garbage pipes and cables are tested (Fig. 2.4).

O Fig. 2.4 General view of special test furnaces: a — LLC 'Test"; b — LLC “Donstroytest”

Universal (adjustable) test furnaces are used to test a variety of building structures: horizon-
tal, vertical and inclined.

Laboratory furnaces are used for testing small (reduced) samples of building structures or
fire-retardant materials in order to determine their thermophysical characteristics, forecast the limit
of fire resistance of real structures, comparative characteristics of different materials, quality con-
trol of products and exploratory experimental studies of building and fire-retardant materials [35].

Measuring equipment required during the tests includes:

— systems for measuring the temperature in the furnace, as well as on the sample;

— devices for measuring excess pressure in the furnace;

— devices for measuring the load on the sample;

— devices for measuring deformations of the sample;

— devices for assessing the integrity of the sample.

The use of other means for measuring ambient temperature is permitted, if they ensure the
accuracy of the measurement.

If the sample is loaded by gravity method, it is not necessary to control the amount of load
during the test.

Measurement of deformations of the sample can be performed by mechanical, optical or elec-
trical devices.

To assess the integrity, you must use two types of devices:

— device based on a cotton swab;

— probes of two standard sizes.
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The device based on a cotton swab consists of a cotton swab and a wire frame with a handle
with a holder.

Analysis of furnaces for natural fire tests of building structures showed that:

— the use of furnaces for natural tests is preferable due to the fact that they allow to take
into account all the features of the studied element and the conditions that occur during a fire;

— a large number of varieties and sizes of furnaces due to their imperfection and the ability to
test only samples of certain designs and sizes;

— testing on these furnaces is very time consuming and high cost, also requires special condi-
tions, large areas and leads to environmental pollution;

— in some cases, existing furnaces cannot provide field tests due to the fact that the struc-
tures are very complex and cumbersome;

— testing of building structures in full-scale furnaces is carried out in the conditions of the
standard temperature regime of the fire, which does not consider the peculiarities of real fires.

2.3 ANALYSIS OF THE CONDITIONS FOR CONDUCTING RESEARCH ON REINFORCED CONCRETE
AND STEEL BUILDING STRUCTURES FOR FIRE RESISTANCE

In [142], the mechanisms of load transfer of a composite reinforced concrete floor in case
of failure of joints due to axial stretching, vertical shear and bending were investigated. Based on
the obtained results, some design recommendations for increasing the fire resistance of building
structures are proposed. Two models developed by the authors are used to model the behaviour
of final and partial joints of composite structures in a fire. However, the authors have not studied
other types of reinforced concrete structures and temperature regimes other than the standard.

In [143] using the concept of artificial neural networks and the results of numerical analysis
as input parameters, a forecasting model was built to determine the limit of fire resistance of re-
inforced concrete columns built into the walls at standard fire temperatures. This article provides
a brief description of the numerical analysis of columns exposed to fire according to 1SO 834, con-
ducted by the computer program FIRE. At the same time, the questions concerning the application
of the developed model for forecasting the limits of fire resistance of other reinforced concrete
structures for arbitrary fire regimes remained unresolved.

During the procedure of determining the minimum sample sizes, the dimensions of a typical
room of 3x3 m and a height of 3 m are taken as a basis. During the development of the test sam-
ple, it is necessary to consider the design features and the scheme of its operation [144].

In [144] the state and prospects of the research of fire resistance of reinforced concrete
columns are analyzed. A comprehensive analysis of the ultimate bearing capacity and mechanical
behaviour of the columns during and after exposure to high temperatures. Statistical analysis was
performed to identify various influencing factors, including temperature, method of fire exposure,
cross-sectional area and shape, concrete strength and physical state, axial load factor and load ec-
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centricity, longitudinal reinforcement, flexibility and conditions of column edge fixing. However, the
paper does not consider the study of fire resistance of fire-retardant reinforced concrete columns.
It is important to provide for the presence in the structure of joints between the parts of the
structure under test, as well as with other structures.
Thus, a variety of equipment and devices are used to conduct fire resistance tests, which must
have a certain accuracy, be metrologically verified, and fire furnaces must be certified in order for
the test results to be considered to meet the requirements of current regulations.

2.31 ESTIMATED TEMPERATURE SCENARIOS FOR THE STUDY OF REINFORCED CONCRETE AND
STEEL BUILDING STRUCTURES FOR FIRE RESISTANCE

One of the main criteria for calculating the fire resistance of any building structure is to
determine the temperature and time dependence of the fire, which should apply only to one fire
compartment of the building, unless otherwise specified in the project scenario of fire development.
There are nominal and parametric temperature regimes.

Nominal temperature regimes are used in the national design standards for the design of steel
structures. Methods of modelling a real (calculated, parametric) fire can be used in the develop-
ment of measures for fire protection of buildings and structures.

Nominal temperature-time dependences are generally accepted modes of fire development,
which are adapted for the reproducibility of such studies, classification and confirmation of fire
resistance of various building materials, products and structures.

In [145] the following nominal temperature regimes are established: standard temperature
regime of fire development, temperature regime of external fire and hydrocarbon fire regime (HCF).

The generally accepted nominal modes of fire development also include temperature regime of
a slowly developing fire, modified temperature-time dependence of hydrocarbon fire development
(HCD), fire development modes in tunnels (dependence curves RWS, RABT ZTV, etc.). The curves
of dependence of some nominal modes of fire development are presented in Fig. 2.5.

Standard fire — temperature-time dependence, defined in ISO 834, to represent the scenario
of a fully developed fire in the fire compartment. The standard temperature regime is an average
dependence and corresponds to the development of fire in residential and public buildings. It is as-
sumed that the fire load is equivalent to 50 kg/m? of wood. This temperature regime is sometimes
called the “cellulose curve”.

T=345-1g(8t +1)+T, 2.2)

where T — the temperature in the furnace corresponds to the time t, °C; T — the temperature
in the furnace before the onset of heat (taken equal to the ambient temperature), °C; t — time
calculated from the beginning of the test, min.
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However, today tests to determine the limit of fire resistance of structures can be carried
out at standardized temperature regimes, which simulate the stage of a developed fire in other
scenarios of conditional fire. These regimes are defined according to the same principles as the
“standard” temperature regime and are regulated by the relevant standards [146]. Such modes
are called “additional and alternative” standard temperature modes. The introduction of additional
standardized temperature regimes allows to expand the possibilities of assessing the behavior of
building structures in conditions that are close to the real conditions of the fire.

Combustion of various hydrocarbon fuels (flammable and combustible) is characterized by
a rapid rise in temperature to 1100 °C. Such fires are possible at oil and gas and petrochemical
complexes. In this case, to assess the fire resistance of building structures used “hydrocarbon
curve” [147-151], which is characterized by the dependence:

T=1080(1-0,325-6*"" —0,675-6*)+20. (2.3)

In [147] the results of tests for fire resistance of fire-retardant steel structures using a
fire-retardant coating based on acrylic resin with a typical combination of additives, namely: am-
monium polyphosphate, pentaerythritol and expandable graphite. One of the main results of this
work is the conclusion that higher values of heat transfer rate and more material involved in the
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pyrolysis process per unit time, lead to a rapid increase in temperature of the steel structure. This
information is useful in the design and development of fire-retardant coatings.

The aim of [148] is to develop a procedure for quantifying the structural criteria needed to
manage the risks of catastrophic structural damage due effectively and efficiently to explosions
and fires at offshore oil and gas facilities. The paper demonstrates the application of the developed
procedure with an emphasis on the determination of explosive and fire design loads. However, the
paper does not provide data on the assessment of fire resistance of fire-retardant steel structures
of offshore oil and gas facilities in arbitrary fire conditions.

[149] describes the combined effect on the steel column of the explosion, which causes de-
formation and subsequent fire in assessing the risks of explosion of hydrocarbons and fires at sea
installations. However, the authors do not take into account the impact of fire protection on the
assessment of the risks of explosions and fires at offshore installations.

In [104] the technical documentation for the design of building structures of the oil and gas
complex at a special load — fire in the hydrocarbon models considered. A detailed review of inter-
national, European and American standards for determining the limits of fire resistance in modelling
the combustion of hydrocarbons is presented. It should be emphasized that the requirements for
the limits of fire resistance in a hydrocarbon fire for some buildings and structures are absent,
so testing of building structures without proper calculations is unnecessary and economically im-
practical. Development of branch standards for the enterprises of oil and gas branch with the list
of parameters of a fire-retardant covering for protection of building designs in the conditions of a
hydrocarbon fire is offered.

The authors [105] present the results of the research to assess the risk of hydrocarbon
fire and subsequent explosion, which can lead to serious damage to building structures, up to the
destruction of the structure as a whole. Fire and heat simulation (FAHTS) and static load using
ultimate strength were used in the thermal analysis. However, the authors ignored the issue of
assessing the fire resistance of fire-retardant structures of the offshore platform.

In [133], hydrocarbon reactive fires were modelled using CFD analysis using the Reynolds
equation in combination with the turbulence model. The resulting temperature values showed satis-
factory agreement with the experimental results obtained using infrared thermography. The values
of the total heat flux were also analyzed, which indicates some limitations of the model.

[150] developed a technique for madelling hydrocarbon explosions and fires using computation-
al hydrodynamics (CFD). The results of the study are part of the phase of a joint sectoral project on
explosion protection in floating systems of oil production, storage and unloading.

In [151], mathematical models were developed using computational hydrodynamics (CFD)
methods to predict the behaviour of hydrocarbon deposits.

Thus, different approaches have been developed with different assumptions and simplifications
and considering the relevant phenomena. However, the deviations in the forecasts of experimen-
tally determined parameters, such as temperature profiles, flame height and radiant heat flux,
implemented by the models are still high.
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Therefore, the implementation of these models for predicting combustion phenomena and flame
behaviour for different scenarios is limited.

The hydrocarbon temperature regime is more stringent than the standard fire regime. This
mode should be used to determine the limits of fire resistance of building structures used in the oil
industry, the combustion temperature of which increases much faster and is more important than
the combustion of any other building and cladding materials.

Another possible type of burning is a fire in a tunnel. Under these conditions, when heat dissi-
pation from the cell is complicated, an intense temperature regime is created — a “tunnel curve”.
The temperature of the fire can reach 1200 °C and above, after 5—10 minutes.

In Europe, for the simulation of fires in tunnel structures, temperature regimes are used
that differ from the standard temperature regime used to determine the fire resistance of
structures of ordinary buildings and structures. These temperature regimes are characterized
by a faster rise in temperature, as well as the presence of a temperature drop. Given the large
size, complex structure and spatial shape of the structures of underground structures of this
type, the experimental determination of their actual limits of fire resistance is associated with
unreasonably high costs.

The “tunnel curve” is based on the scenario of fire development when burning cars. Thus, in
Germany, the tunnel requirements were initially contained in the Guidelines for the Construction
and Operation of Automobile Tunnels (RABT), then the temperature regime for the tunnels was
included in the ZVT Tunnel [153].

In the Netherlands, the RWS temperature curve is used to assess the thermal and mechan-
ical properties of fire-retardant coatings in tunnels in which the transport of dangerous goods is
permitted. This curve is characterized by a rapid increase in temperature to 1200 °C in the first
minutes and its subsequent slower increase to 1350 °C.

The temperature of the external fire creates less stringent conditions than when tested at
standard temperature. This temperature-time dependence is used in determining the limit of fire
resistance of the outer walls of buildings.

The temperature of an external fire is determined by the formula:

0, =660 (1-0,687e " -0,313¢°*) + 20, (2.4)

where @, — ambient gas temperature in the fire compartment, °C; ¢ — fire development time, min.

Currently, fire resistance of protected reinforced concrete and steel structures and their
elements is normalized and determined in accordance with the standard temperature of the
fire, which does not always meet modern fire safety requirements for the protection of build-
ings and structures.

The behaviour of such structures protected by fire-retardant coatings during their tests in
other temperature conditions has so far been insufficiently studied. There are cases when at low
heating rates reactive coatings are not completely swollen, and thus do not perform their function.
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Existing methods do not allow to determine with the necessary accuracy the fire resistance of such
structures in a fire other than standard.

Scientists made a significant contribution to the study of fire-retardant properties of coatings
of protected reinforced concrete and steel structures during their tests under alternative fire
conditions in [32—-41]. However, these studies have not sufficiently studied the behaviour of steel
structures for all possible temperature regimes, such as the hydrocarbon fire regime.

In [154] the issues of mathematical modelling of fire resistance of bearing steel structures of
machine halls of power plants under the conditions of hydrogen combustion temperature regime,
which is even more severe fire regime in contrast to the temperature regime of hydrocarbon fire,
are considered. However, there are no reliable data on the use of the developed models for fire-re-
tardant steel structures of machine halls of power plants.

[155] considers the influence of temperature regimes of hydracarbon fire and fire regimes in
tunnels according to the standards of Germany (RABT) and the Netherlands (RWS) on the value of
the limit of fire resistance of reinforced concrete frames of tunnel structures, but the experimental
tests of these building structures for such modes were not.

In [158, 157] the gradient-temperature criterion for calculation of fire resistance of elements
of reinforced concrete designs from influence of high-intensity convective-radiation streams at
large-scale combustion of hydrocarbons for various scenarios of fire development at petrochemical
enterprises is scientifically substantiated: fireball, fire spills, flare burning, fire-flash.

Thus, when assessing fire resistance, scenarios of real or conditional fire are considered.
Nominal temperature regimes, such as standard temperature regimes, are used for conditional
fire scenarios. According to the results of the assessment carried out at nominal temperature
regimes, building structures are classified according to fire resistance. In the case of fire-retardant
materials, the classification applies to the protected structure containing these materials, but not
to the fire-retardant materials themselves [158-162].

[158] describes the methodology used to restore thermal properties. This methodology can be
used to model the behaviour of reactive flame retardant coatings. The results show that the pro-
posed approach, based on modelling the behaviour of the reactive coating using equivalent thermal
conductivity, can be used to quantify the fire-retardant effect of a protective coating.

In [159] experimental research of thermal behaviour of fire-retardant coverings for steel de-
signs in the conditions of a real fire are presented. Coating properties such as specific heat, ther-
mal conductivity and density have not yet been studied in detail, especially for real fire scenarios
with different heating and cooling rates. In contrast to the standard temperature regime of the
fire, which provides for a rapid and continuous increase in temperature, a real model of fire is
presented (development phase, fully developed fire, cooling phase).

In [160] experimental and numerical studies of fire-retardant characteristics of water-soluble
reactive coating for the protection of steel structures in the event of a real fire. Based on own
laboratory tests the improved numerical model for modelling of characteristics of the investigated
covering which includes thermaphysical characteristics of material is developed: coefficient of ex-

43



FIRE RESISTANCE OF REINFORCED CONCRETE AND STEEL STRUCTURES:

pansion, thermal conductivity and heat capacity. However, the authors propose to use constant
values of thermophysical characteristics, although the use of such temperature-dependent charac-
teristics is a more accurate approach.

In [161] the basic tendencies in the field of protection of steel designs by means of reactive
fire-retardant coverings are resulted. Given the importance of the use of coatings to increase
the limits of fire resistance of steel structures, especially for the oil and gas industry, the paper
provides an overview of research on the development of flame retardants and technologies for the
creation of such tools.

[83] describes the results of research related to the development of reactive fire-retardant
coatings to protect steel structures from fire. The main components of the developed compositions
are described: binders, flame retardants, fillers, modifiers, additives, as well as the influence of
climatic factors on the properties and characteristics of fire-retardant coatings. However, no data
are provided on the use of coatings in arbitrary fire conditions.

[162] presents the results of an experimental study of fire-retardant steel plates exposed
to three non-standard fire temperatures. The effective thermal conductivity of the coatings was
calculated based on the measured temperatures in the furnace and on the steel plates. The results
of experimental studies show that the fire-retardant characteristics of coatings strongly depend
on the heating rate and the maximum temperature in the test furnace.

Thus, fire-retardant steel and reinforced concrete structures when used in buildings and struc-
tures of different functional purposes have different limits of fire resistance, which is provided
by the use of fire-retardant substances with different properties and characteristics. The pa-
rameters of the formed fire-retardant coatings are influenced by the conditions under which the
fire resistance tests of fire-retardant building structures take place. Therefore, when designing
buildings and structures using fire-retardant steel and reinforced concrete building structures, it
is necessary to consider the effects of fire temperatures on the values of fire resistance limits of
fire-resistant steel and reinforced concrete building structures.

2.3.2 INFLUENCE OF CLIMATIC FACTORS ON FIRE-RETARDANT ABILITY OF COVERINGS OF FIRE-
RESISTANT BUILDING CONSTRUCTIONS

Shelf life of a flame retardant coating is the period during which a flame retardant is able to
provide fire protection after its application.

Regulations are developed for each flame retardant, which must contain the technical and
physicochemical characteristics of the flame retardant, including operating conditions (humidity and
room temperature, etc.) and the shelf life of the flame retardant, which is determined according to
climatic or periodic tests. The tests are intended to determine the ability of fire-retardant coatings
for steel structures to retain their fire-retardant and performance properties during the service
life specified by the manufacturer of these products.
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The test method includes the method of accelerated aging and the method of long-term storage.
The essence of the method of accelerated aging is to model the aging processes of fire-retardant
coatings artificially and to determine the estimates before and after “accelerated aging”. The es-
sence of long-term storage is to bookmark the samples for the period specified in the regulations for
these fire retardants, and periodically check the estimated performance of fire-retardant coatings.

According to the methodology, the evaluation indicators include:

— thickness of fire-retardant coating;

— fire protection efficiency;

— coefficient of swelling;

— adhesion;

— impact strength;

— salinity;

— moisture absorption;

— corrosion on coated metal.

The samples are tested before and after accelerated aging. Cycles of simulation of aging of
fire-retardant coatings are given in Table 2.1.

@ Tahle 2.1 Cycles of simulation of aging of fire-retardant coatings

Indicators of the mode for holding the coating

polymer

inorganic

Variable temperature
and high humidity

Aggressive gas
environment

Solar radiation

Maintenance in the
laboratory

— 4 hours in the humidity chamber at
a temperature of plus (40+2) °C and
relative humidity (97 +3) %;

— 2 hours cooling in the humidity
chamber;

— 3 hours keeping in a cold chamber at
an air temperature minus (45+2) °C;
— relative humidity is not regulated

— 2 hours keeping the coating in the
sulfur gas chamber at a temperature
of (40+2) °C and relative humidity
(97+3) %;

— compoasition of S0, mg/m? of air

— 7 years keeping in the chamber IP-1-3
at a temperature of 15-30 °C;

— irrigation mode: irrigation 3 min —
break 57 minutes

— 6 hours at an air temperature

of 15—30 °C and relative humidity no
more than 80 %

— 41 hours of saturation of the coating
in water (soluble salts) at a temperature
of 15-30 °C;

— for 2 hours temperature decrease
from =10 °C to =50 °C;

— 2 hours at a temperature of —50 °C;
— for 2 hours temperature rise

from —50 °C to —10 °C;

— for 1 hour temperature rise

from —10 °C to (50+2) °C

— 2 hours keeping the coating in the
sulfur gas chamber at a temperature
of (40+2) °C and relative humidity
(97 +3) %;

— composition of SO, mg/m? of air
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In the Republic of Belarus, such tests are conducted in accordance with [163]. This standard
applies to flame retardants for wood, wood materials, fabrics, cable products and steel structures
and establishes general technical requirements and test methods for such products. According to
the provisions of the standard fire-retardant substances are classified:

— by type of product:

1) impregnating (only for wood);

2] varnishes;

3) paints;

4) plasters;

9) impregnation for fabrics;

— under the conditions of application:

1) in heating rooms;

2] in unheated rooms;

3) to protect external surfaces;

— on the solubility of the binder:

1) water-soluble;

2) organosoluble.

For impregnating agents, a method for determining the preservation of fire-retardant effi-
ciency of impregnating agents for wood and strength indicators of fire-retardant wood has been
established. The essence of the method is to determine the fire-retardant effectiveness of means
and indicators of wood strength before and after accelerated aging. Samples are prepared in double
guantity for testing.

For varnishes, paints and plasters the method of definition of preservation of fire-retardant ef-
ficiency and adhesion of a covering of fire-retardant varnishes, paints are established. The essence
of the method is to preserve the fire-retardant efficiency and adhesion of the coating before and
after accelerated aging. For testing fire-retardant coatings for metal, prepare samples in double
quantities according to [164] (for coatings thicker than 0.2 mm) or [165] (for coatings thicker
than 0.2 mm), and prepare at least 4 samples of metal plates, dimensions 210x210x2 mm.
A flame retardant is applied to one surface of the sample in accordance with the technical documen-
tation for a specific type of flame retardant. Prepared samples with the applied coating are dried
for two days at a temperature of 20=3 °C and relative humidity from 45 % to 60 %. The tests
are performed to determine the flame retardant efficiency according to the requirements [163]
and adhesion according to [163] (for coatings thicker than 0.2 mm) or [164] (for coatings thicker
than 0.2 mm). To test the spread of flame and thermal stability of fire-retardant varnishes and
paints on cable products prepare samples in double quantity, as well as prepare two samples with
alength of 200+5 mm and a diameter of 35 mm to 60 mm with the applied tool according to means.

8 cycles equate to 1 year of operation.

In the countries of the European Union, ETAG 000 and ETAG 018 [166—169] are in force, which
apply to flame retardants that establish methods for estimating the service life of flame retardants.
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It is established that depending on the environmental conditions under which the products will be
operated after the application of flame retardants, there are categories described below.

Type X — fire-retardant coatings designed for use in all conditions (indoors, with partial expo-
sure to the environment, with full exposure to the environment).

Cycles should be performed without interruption. 1 cycle is equal to 5 years of operation.

Total: 35 days.

Type Y — fire-retardant coatings intended for indoor use or with partial exposure to the envi-
ronment. Partial exposure includes temperatures below 0 °C but does not include rain exposure and
provides limited exposure to ultraviolet radiation (ultraviolet power is not estimated).

Cycles should be performed without interruption. 1 cycle is equal to 5 years of operation.

Total: 7 days.

Type 21 — fire-retardant coatings intended for indoor use (except those intended for operation
at temperatures below 0 °C) with high humidity.

Cycles should be performed without interruption. 10 cycles equal 5 years of operation.

Total: 24 hours.

Type Z2 — fire-retardant coatings intended for indoor use (except those intended for operation
at temperatures below 0 °C) without exposure to high humidity, which are classified in class Z1.

Cycles should be performed without interruption. 10 cycles equate to 5 years of operation.

Total: 24 hours.

10 cycles equal 5 years of operation.

Tests to determine the service life of fire retardants for steel structures are carried out on the
indicators of corrosion resistance and fire protection efficiency. The service life is determined by
comparing the quality indicators of the samples that were not affected with the quality indicators
of the samples that were subjected to artificial aging.

A test result is considered to be positive if the average period of time during which the critical
temperature for steel is reached (500 °C) determined during the service life tests exceeds 85 %
of the average value obtained during the initial tests. In order to eliminate the influence caused by
the unequal thickness of the coating, the relationship between its thickness and the temperature
value can be considered linear.

Based on the results of the analysis of regulatory documents to determine the expiration date,
the following conclusions can be drawn:

1. The main indicators for determining the shelf life of fire retardants are indicators of fire
protection efficiency of fire retardants.

2. Based on the results of the analysis of normative documents and literature sources, it has
been established that the vast majority of fire-retardant coatings are characterized by the following
operating conditions (placement categories):

—in the open area;

— under a canopy, in a room that is not heated;

—in a dry, heated room.
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3. The normative documents of the European Union establish various methods for determining
the indicators of fire-retardant effectiveness of fire-retardant means.

For the correct choice of test methods when conducting accelerated tests, it is necessary to
choose the operating conditions of the fire-retardant coating. At present in Ukraine, methods of
accelerated tests for resistance to climatic factors are given in [170].

In the Tahles 2.2 and 2.3 describe the climatic conditions given in various regulations when
used in a dry heated room and under a canopy, in a room that is not heated, respectively.

@ Tahle 2.2 Climatic conditions during accelerated tests that simulate operation in a dry heated room

Normative - . Number of cycles correspond-
document Climatic conditions ing to 1 year of operation
GOST 53292-2009 1) temperature (60+5) °C for 8 hours; 1 cycle

2) temperature (23+5) °C for 16 hours in

a desiccator filled with water, with a relative
humidity of 100 %;

3) temperature (60+5) °C for 8 hours in

the oven;

4) temperature (23+5) °C for 16 hours in the
desiccator, with a relative humidity above it
(65+5) %

STB 11.03.02 1) temperature (55=2) °C, relative humidity 8 cycles
(90=3) % for 10 hours;
2) temperature (20+2) °C, relative humidity
(90=+3) % for 2 hours;
3) temperature (60+2) °C, relative humidity not
more than 80 % within 10 hours;
4) temperature (20+2) °C, relative humidity not
more than 80 % for 2 hours

ETAG 028 1) temperature (40=+3) °C, relative humidity 2 cycles
(98+2) % for 8 hours;
2) temperature (23+3) °C for 16 hours

Analysis of the works of scientists [171-179] and regvulations on fire protection, developed
in accordance with regulations on fire safety, makes it possible to determine the scope of fire
protection coatings. It is established that most fire-retardant coatings are used in a dry room that
is heated or under a canopy, in a room that is not heated.

In [171], a study was conducted to determine the influence of climatic factors, such as the
effects of ultraviolet radiation, humidity, temperature and aggressive environment on the fire-re-
tardant ability of reactive flame retardant coating based on epoxy resin, which includes ammanium
polyphosphate, melamine and titanium dioxin. Fire-retardant steel plates were subjected to var-
ious conditions of accelerated aging: humidity 80 % at 70 °C for 2 months and static bath with
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and without NaCl (5 g/} at 20 °C for 1 month and tested in a fire furnace at hydrocarbon fire.
The results show a slight decrease in the fire-retardant properties of the studied coatings after
climatic exposure. However, the paper does not show the effect of thermophysical characteristics
of the fire-retardant coating on its fire-retardant properties after such exposure.

@ Table 2.3 Climatic conditions during accelerated tests that simulate operation under a canopy in a non-

heated room

Normative
document

Climatic conditions

Number of cycles correspond-
ing to 1 year of operation

STB 11.03.02

ETAG 028

1) temperature (40=+2) °C, relative humidity

(90+3) % within 6 hours;

2) temperature (20+2) °C, relative humidity

(90+3) % for 2 hours;

3) temperature minus (15+3) °C, relative
humidity not more than 80 % for 3 hours;

4) temperature (60+2) °C, relative humidity not

more than 80 % within 7 hours;

5) temperature (20+2) °C, relative humidity not

more than 80 % for 6 hours

1, 2 day:

— temperature (20+3) °C,

(95=+5) % within 6 hours;

— temperature (70+3) °C,

(20=5) % within 6 hours;

— temperature (20+3) °[f,

(95+5) % within 6 hours;

— temperature (70+3) °C,

(20+5) % within 6 hours.
3, 4 day:

— temperature (20+3) °C,

(95+5) % within 6 hours;

— temperature (30+3) °C,

(40+5) % within 6 hours;

— temperature (40+3) °[f,

(95+5) % within 6 hours;

— temperature (30+3) °C,

(40+5) % within 6 hours
57 days:

— temperature minus (20+3) ° C for 6 hours;
— temperature (40+3) °C,

(95+5) % within 6 hours;

— temperature minus (20+3) ° C for 6 hours;
— temperature (40+3) °C and relative humidity

(95=+5) % for 6 hours

relative humidity
relative humidity
relative humidity

relative humidity

relative humidity
relative humidity
relative humidity

relative humidity

relative humidity

8 cycles

1 cycle 5 years of operation

[172] describes fire-retardant coatings, which include graphite as a catalytically active addi-
tive, which improves the performance of the coating, such as swelling rate, elasticity, density and
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homogeneity of the coke layer, which positively affects the fire-retardant ability of the coating.
However, the researchers did not pay attention to the work of fire-retardant coating after expo-
sure to climatic factors.

In [173] the operational properties of the charred layers formed as a result of the synthesis of
reactive flame retardant coatings and methods of improving these properties with various additives
mixed with the original composition are considered. The results show that the additives tend to
change the microstructure of the semi-coke, which undergoes some transformations and this is
confirmed by the increase in the thickness of the coating and its stability on the protected surface.

In [174] the compositions and methods of protection of reactive fire-retardant coatings, the
influence of atmospheric conditions on the coefficient of swelling of coatings and methods of im-
proving their fire-retardant and anticorrosive properties are described. Under the influence of
atmospheric conditions, the fire-retardant properties of coatings are reduced because of leaching
of components that cause the formation of a swollen layer of semi-coke. It is concluded that the
development of reactive flame retardants includes not only the process of improving the insulation
and stability of the charred layer of foam coke, but also improving the flame retardant properties
of coatings under the influence of various climatic factors.

In [175] the results of an experimental study of the deterioration of the characteristics of two
types of reactive fire-retardant coatings after different test cycles by the method of accelerated
hydrothermal aging are presented. After testing the sample for aging, a fire resistance test was
performed to determine the heating temperature of the fire-retardant steel plate. As a result, it
was found that compared to samples that did not undergo hydrothermal aging, after 42 cycles of
hydrothermal aging (to simulate 20 years of environmental exposure), the effective thermal con-
ductivity of fire-retardant coating type U was 50 % higher and fire-retardant coating type A 100 %
higher than the coating without such exposure. This increase in effective thermal conductivity has
led to an increase in the temperature of the steel plate by 150 °C and 220 °C higher than the
temperature of the steel plate without hydrothermal aging.

In [176] the results of experimental and numerical simulations for obtaining the thermal con-
ductivity of two types of reactive flame retardant coatings after accelerated aging are presented.
The main objective of the study was to verify the accuracy of the thermal conductivity model for
fully expanded semi-coke coating, which was assumed to depend on the thickness of the expansion,
as well as the size and distribution of bubbles. The results of measurements of increased coating
thickness and bubble size show that accelerated aging negatively affects the insulating characteris-
tics of the coating: reducing the thickness of the expansion and increasing the size of the bubbles,
which leads to an increase in thermal conductivity.

In [1771] the protective effect of the top coating on the reactive fire-retardant coating under
conditions of corrosion with hydrochloric acid, accelerated ultraviolet aging and natural weather
was studied. It was found that the protective effects are naticeable under any aging conditions.
When tested for corrosion with hydrachloric acid, the uncoated coating sample lost its flame
retardant ability after 48 hours of immersion. Under conditions of accelerated ultraviolet aging,
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the fire-retardant ability of the coating significantly deteriorated after 20 days of aging due to hy-
drolysis and photo-oxidation of the components. In the process of natural weathering, the fire-re-
tardant ability of the coating without a finish is significantly reduced after exposure to high levels
of precipitation and ultraviolet radiation, which occur in summer. Therefore, a protective topcoat is
considered indispensable for fire retardant coatings used outdoors to provide the best long-term
fire-retardant performance.

[178] describes passive fire-retardant coatings, which are widely used in the oil, gas and
chemical industries to protect marine and terrestrial objects from fire after prolonged weathering.
The paper describes the effect of atmospheric influences on six widely used epoxy reactive flame
retardant coatings and one cement-based coating. The results show that the weather changes the
physical shape of the coating during its operation, causes corrosion of fire-retardant steel struc-
tures of marine and terrestrial objects and affects the fire-retardant ability of coatings, and thus
the fire resistance of fire-resistant steel structures.

In [179] the influence of the degree of polymerization of ammonium polyphosphate on the shelf
life of water-based flame retardant coatings was studied. As a basis in fire-retardant coatings used
5 types of ammonium polyphosphate with different degrees of polymerization. After the tests on
accelerated aging, the influence of climatic factors on the fire-retardant ability of coatings as a
result of tests on fire resistance was studied in detail.

From the above analysis it is clear that the assessment of fire resistance of fire-retardant steel
and reinforced concrete building structures without taking into account the influence of climatic
factors, aggressive environment will lead to erroneous determination of fire resistance of fire-resis-
tant building structures. And the existing methods of assessing the fire resistance of fire-retardant
building structures are deprived of the algorithm for taking into account such influences. Therefore,
the development of methods for assessing the fire resistance of fire-retardant steel and reinforced
concrete structures, which would take into account the impact of various factors on the accuracy
of assessment, is an urgent problem, the solution of which will ensure the stability of buildings
and structures during fires and emergencies, through the use of fire-retardant steel and rein-
forced concrete structures in construction, taking into account all types of impact on structures.

2.4 SYSTEM ANALYSIS OF THE PROCESS OF ENSURING FIRE RESISTANCE OF BUILDING
STRUCTURES

The analysis showed that the assessment of fire resistance of fire-retardant building struc-
tures and fire-retardant ability of coatings of building structures by the calculation-experimental
method is an urgent and insufficiently studied problem. This is due to the presence of undisclosed
features of improving the efficiency of the calculation and experimental method to determine the
limits of fire resistance of load-bearing reinforced concrete and steel structures. These features
can be taken into account by substantiating the parameters of mathematical models that describe
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the physicochemical processes when heating these structures using fire-retardant materials with
certain parameters in standard and alternative fire modes [81-181].

In [81] the processes occurring in reactive fire-retardant coatings for the protection of steel
structures under different test conditions (temperature conditions in the furnace) are considered.
The onset of swelling of the coating is a key factor in ensuring the effectiveness of thin reactive
fire-retardant coatings to ensure fire resistance of the fire-retardant steel structure during a fire.
The results of research obtained because of this work determined the threshold of the beginning of
swelling in terms of heating temperature of the steel structure and coating during tests and con-
cluded that the beginning of swelling is directly affected by heating conditions and initial thickness
of the flame retardant coating.

[107] highlighted the problem of the current design structure based on furnace fire resistance
tests at standard fire temperatures, and the current methodology was questioned due to its
oversimplification, limitations, and uncertainties. To solve this problem, integrated approaches and
methodologies have been proposed to study the effectiveness of reactive flame retardant coatings.
This review examines the latest developments in the field of fire resistance tests and analysis of
fire resistance of fire-resistant steel structures with reactive fire-retardant coatings. In addition
to the chemical composition, the key determinants that affect the fire resistance of fire-resistant
steel structures are determined: the initial and ultimate heat transfer conditions, the thickness of
the coating, heating conditions and test method for fire resistance.

In [180], a numerical model was developed to predict the limit of fire resistance, including
such material properties as thermal conductivity and the thickness of the reactive flame retardant
coating. The temperature-time dependence of the thermal conductivity of reactive flame retar-
dant coatings was calculated by solving inverse thermal conductivity problems in accordance with
Eurocodes (EN 1993-1-2 and EN 1994-1-2). As a result, it is established that the equation of
Eurocodes does not give the exact dependence of the thermal conductivity of the coating on the
temperature for use in numerical simulations of heat transfer.

In [74] experimental studies of the characteristics of reactive fire-retardant coatings in stan-
dard and non-standard fire conditions were conducted. To study how different heating conditions
and heating rates affect the behaviour of two different flame retardant coatings (solvent-based
and water-based), three different experimental installations were used, corresponding to three
different fire scenarios in electric furnace, gas furnace and cone heater. The results showed that
water-based paint works better at low heating rates, while solvent-based paint showed better
results at high heating rates and was not effective at very low heating rate. Thus, the study
confirms that the existing procedure for the development of reactive flame retardant coatings has
disadvantages, consisting in disregard by paint developers of the conditions under which the paint
will be used, namely: heating conditions and heating rate in case of fire.

The authors [181] presented a new test methodology for studying the characteristics of
reactive coatings under non-standard heating regimes, based on test data in the furnace of fire-re-
sistant steel structures. This methodology has advantages such as reliability, reproducibility,
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versatility, speed and cost of testing. The effective coefficient of thermal conductivity, variable
over time, of commercially available reactive coating under the influence of heat flow at different
temperatures of the fire is investigated. It is shown that the heating rate and the thickness of the
coating do not significantly affect the value of the effective thermal conductivity.

Improving the fire resistance of building structures can be achieved through the use of fire-re-
tardant substances that form on the surface of the coating, which should be applied with the re-
quired minimum thickness, which will provide a normalized limit of their fire resistance [182, 100].

In [100] the results of an experimental study of the effect of protective coating on the fire-re-
tardant properties of reactive fire-retardant coatings by comparing temperatures in fire-retardant
steel elements and effective thermal conductivity in their tests under standard fire temperatures
are presented. However, the authors did not take into account other temperature regimes than
the standard one. It is necessary to consider the thermophysical characteristics of fire-retardant
coatings [183-186].

In [183] the results of the research on the calculation of the constant effective thermal con-
ductivity of reactive fire-retardant coatings under the influence of various factors (type of coating,
coating thickness, coefficient of steel cross-section, fire temperature) are presented. However,
the authors have not investigated the use of the coefficient of thermal conductivity, which depends
on temperature. This approach provides more accurate data when assessing the fire resistance of
fire-resistant steel structures.

In [184], the authors present data on the modelling of non-stationary heating of fire-retardant
steel structures with reactive fire-retardant coatings. The procedure consists of calculating the
coefficient of thermal conductivity of the fire-retardant coating, which depends on the heating time
of the fire-retardant structure in the test furnace at a certain fire mode. The use of this approach
is more accurate compared to [183], as the thermal conductivity of the fire-retardant coating
is a function of temperature and modelling using it leads to a more accurate assessment of fire
resistance with minimal errars.

In [185] it is proposed to find the thermophysical characteristics of fire-retardant coatings
for protection of steel frame structures by solving inverse thermal conductivity problems, which
allows to predict with sufficient accuracy for engineering calculations the fire-retardant ability of
steel structures using fire resistance tests.

In [186] the research program “Optimization of the use of reactive fire-retardant coatings for
fire protection of steel structures” is presented. Experimental studies of fire-retardant beams and
coated columns directly connected to the enclosing elements are presented. In addition, numer-
ical simulation is performed to calculate the temperature fields of steel structures with reactive
fire-retardant coating. As a new development, the numerical model takes into account the process
of expanding the fire pratection coating.

To date, there is a praoblem that there is insufficient data on the values of the required minimum
thickness of fire-retardant coatings for fire-retardant reinforced concrete and steel structures
during their testing in alternative fire conditions and after exposure to climatic factors.
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As for the methods of determining the fire-retardant effectiveness of fire-retardant means for
such fire-retardant structures, as a rule, an experimental method is used, which involves the use
of their fragments, which is quite expensive and time-consuming [187, 188].

In addition, during such tests it is possible to use only a certain temperature regime, which does
not always correspond to the peculiarities of the operation of a particular structure [189-191].

In [189], by conducting tests for fire resistance, as well as other tests of physical and chem-
ical properties, the optimal ratio of the composition of the flame retardant for the manufacture of
flame retardant coatings for fire protection of tunnel structures was determined. The experimental
results confirm that this coating increases the fire resistance of reinforced concrete structures
of tunnels and has better adhesive properties compared to most existing coatings for use in tem-
perature conditions of fire in tunnels.

In [190] the method of modelling the general characteristics of reactive fire-retardant coat-
ings at different fire temperatures for fire protection of steel structures is presented. The aim of
the study was to find one common set of properties that will predict the fire-retardant character-
istics of the coating under different heating conditions of fire-retardant structures in the furnace
(slow, fast and standard) for the same steel sheet thickness and coating thickness.

[191] presents reactive flame retardant coatings for different applications. To date, there
is no universal method for assessing the fire resistance of fire-resistant steel structures, except
for the standard temperature of the fire, and the scenario of a real fire often plays an important
role that is not considered in the calculations. The effective coefficient of thermal conductivity is
proposed to be calculated on the basis of intermediate tests for fire resistance.

CONCLUSIONS ON SECTION 2

1. Experimental methods for assessing the fire resistance of fire-retardant steel and rein-
forced concrete structures are the most accurate and provide the most reliable information on
the limits of fire resistance of building structures in terms of their testing at standardized fire
temperatures. However, along with the advantages of such methods have a number of disadvan-
tages. Such shortcomings include: the complexity of manufacturing, preparation and testing of fire
resistance of large building structures, high material costs for testing in accredited laboratories.
Disadvantages include the inability to transfer the test results of one structure to structures of all
sizes and types, poor adhesion of fire-retardant coating to the protected surface during fire, the
problem of maintaining the integrity of the fire-retardant coating, and therefore, failure to perform
its pratective functions. All this imposes some restrictions on the use of only the experimental
method of assessing the fire resistance of fire-resistant steel and reinforced concrete structures
in view of the above shortcomings.

2. The use of calculation methods to assess the fire resistance of unprotected and fire-resis-
tant steel and reinforced concrete building structures, compared to experimental, has a number
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of advantages, such as the ability to perform calculations without high material costs, although
certified software must be expensive and highly qualified specialists who will be able to correctly
and reasonably set the parameters of the model of the thermal state of fire-resistant building
structures. After all, inaccuracies in setting initial, boundary conditions and inaccuracies in the use
of mathematical and physical models of thermal processes in fire-resistant structures under fire,
can lead to erroneous assessment of fire resistance of fire-retardant building structures, and thus
to miscalculations in the design of buildings and structures.

3. Assessment; of fire resistance of fire-retardant steel and reinforced concrete building struc-
tures without considering the influence of climatic factors and aggressive environment leads to er-
roneous determination of the limits of fire resistance of fire-resistant building structures. And the
existing methods of assessing the fire resistance of fire-resistant building structures are deprived
of the procedure for taking into account such effects. Therefore, the development of methods for
assessing the fire resistance of fire-resistant steel and reinforced concrete building structures,
which would consider the influence of climatic factors on the accuracy of assessment, is an urgent
problem, the solution of which will ensure stability of buildings and structures.

4. The conducted analysis allows to state the tendency of spreading the application of the
calculation-experimental method for estimating the limits of fire resistance of fire-retardant
reinforced concrete and steel building structures and fire-retardant ability of coatings for such
structures. Since this method allows taking into account the importance of thermophysical char-
acteristics of fire-retardant coatings and heat transfer processes in the structure under different
fire conditions, its use is appropriate when determining the limits of fire resistance of protected
reinforced concrete and steel structures and fire-retardant ability of coatings for such structures.

9. Thus, there is a need to develop calculation and experimental methods for assessing the
fire resistance of fire-retardant steel and reinforced concrete building structures, which would
consider all the above miscalculations and have sufficient accuracy for engineering calculations
when estimating fire resistance, the level of fire safety of facilities through their fire protection
with standardized parameters.
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OF FIRE RESISTANCE OF FIRE PROTECTED REINFORCED
CONCRETE STRUCTURES

RBSTRACT

This section develops a mathematical model and calculation-experimental method for estimat-
ing fire resistance of fire-retardant reinforced concrete structures, considers the algorithm of
the proposed method, describes the procedures for its implementation, tested the effectiveness
of the proposed method in identifying the relationship between parameters) and fire resistance of
fire-resistant multi-hollow reinforced concrete floor.

KEYWORDS

Physical model, mathematical model, efficiency of the method, fire-retardant reinforced
concrete structures.

31 DEVELOPMENT OF PHYSICAL AND MATHEMATICAL MODELS OF FIRE RESISTANCE OF FIRE-
RETARDANT REINFORCED CONCRETE STRUCTURE

The main operational characteristics of buildings and structures for industrial and civil purposes
include durability, reliability, efficiency, which are largely due to the peculiarities of the thermal
state of their structural elements (structures). The need to study the thermal state of fire-
resistant building structures arises in the design, construction and operation of buildings and struc-
tures, in the modernization and transfer of buildings to other modes of operation, intensification of
technological processes. This determines the complexity of the procedure for studying the thermal
state of fire-resistant building structures of buildings and structures, which ultimately comes down
to the tasks of optimization and management of systems with distributed parameters and includes
the following stages: identification of basic physical features; development and substantiation of
the mathematical model of the researched process; development and selection of appropriate
methods and tools for solving and implementing the formulated tasks; research of mathematical
model, checking the adequacy of mathematical model; evaluation of the obtained results in the set
of requirements for the studied processes, states and methods of their management; choice of ra-
tional design solutions and modes of operation of the building; determination of optimal parameters
of the studied system. The procedure for developing a method for assessing the fire resistance of
fire-retardant reinforced concrete structures is considered on the example of multi-hollow rein-
forced concrete floor slabs as the most complex structure in terms of geometry, the presence of
voids in which complex convective-radiative heat transfer overlap.
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Since reinforced concrete structures often do not meet the requirements of fire safety in rela-
tion to the normalized values of their fire resistance, it is important to ensure and increase the fire
resistance of such structures by their fire protection using a variety of substances and materials.
When designing fire protection of such structures, the question of the accuracy of calculating the
thermal state of both protected and unprotected multi-hollow reinforced concrete floors is acute,
which is largely determined by the accuracy of the model parameters that ensure its adequacy to
real heat transfer processes. Such parameters include thermal conductivity, specific heat capacity
of both concrete and fire protection coating, and test conditions (number of samples, average vol-
ume temperature and humidity in the test chamber) to be provided during the coating performance
determination process.

311 ALGORITHM FOR DEVELOPING A MATHEMATICAL MODEL

In developing the mathematical model used structural and logical scheme, shown in Fig. 3.1 [192].
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QO Fig. 3.1 Structural and logical scheme of building a mathematical model
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One of the stages of creating a method for assessing the fire resistance of fire-retardant
reinforced concrete structure is the construction of adequate physical and mathematical models of
thermal processes occurring in the studied reinforced concrete floors with coating.

312 INITIAL AND BOUNDARY CONDITIONS IN THE CONSTRUCTION OF THE MODEL FOR
THE THERMAL TASK

In developing a mathematical model [193], a physical model with a division of the plate into
layers was used, as shown in Fig. 3.2.

X
X
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/AL e . \ 4
° 0 "| B ° °
R b [
Heating
a b
QO Fig. 3.2 Scheme of reinforced concrete floor: a — one-dimensional setting; b — two-dimensional
formulation; 1 — layer of solid concrete floor between the unheated surface and the layer with
cavities; 2 — layer with cavities; 3 — layer of solid concrete between cavities and reinforcement;

4 — reinforcement layer; 5 — a layer of solid concrete from the reinforcement to the heating surface;
6 — plaster coating; h — the thickness of the plate; b — width of the plate; y — coordinate along
the width of the structure; x — the coordinate of the thickness of the structure

The physical model of fire-retardant reinforced concrete floor consists of six layers with
a thickness of &4, 82, 83, 84, 05, 8 (Fig. 3.2, a). The total thickness of the floor with the coating
puts the sum of the thickness of the individual layers of the floor. During the test, the lower
floor surface is heated by convective-radiation heat exchange mechanisms from hot gases in a
furnace with a temperature T;;, which is close to the standard fire curve (or other alternative
fire mode), and heat transfer coefficient o,;=25 W/m2°C for standard temperature fire mode
and 50 W/m2-°C for the temperature mode of the hydrocarbon fire. The upper surface of the floor is
cooled by convection into the ambient air with temperature T, the heat transfer coefficient from
the unheated surface o, is assumed to be temperature dependent [194].

In the middle of the floor heat is transferred not only by thermal conductivity, but also by con-
vective-radiation mechanisms of heat exchange in the floor cavities. The condition of ideal thermal
contact between separate layers of overlapping is accepted.

When heated from below (Fig. 3.2, a), the corresponding amount of heat by thermal conduc-
tivity through the lower layer of concrete over the entire floor area reaches the voids, heating
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first the lower part. Next, the same thermal conductivity mechanism heats the concrete bridges
from the bottom to the top of the voids (with a much smaller variable area of the bridges), and
then — the upper unheated layer of concrete again over the entire floor area. In parallel with the
transfer of heat by thermal conductivity through the jumpers through the cavities, thermal energy
is transferred by free convection of air and radiation from the lower warmer to the upper colder
cylindrical walls of the cavities.

The mathematical model of the thermal conductivity process in such a six-layer system in the
Cartesian coordinate system, which describes the physical model discussed above, is a one-dimen-
sional equation of thermal conductivity with a combination of radiant heat transfer and boundary
conditions of the third kind on the heating surface, and boundary conditions of the third kind from
an unheated surface that takes into account the ambient temperature [195]. The temperature
distribution T in the fire-retardant reinforced concrete floor is described by a system of equations:

oT 9 aT
CxN—=—=—|A(x, T)=—|,
a ot ax( (X )Bx) (3.1

where T=T(x, y, 1), initial condition t=0, T(x, y, 0)=Ty=const,

aT(0, 1)
ff aX

o =0+ 7.7 Cfer(o, T)“TTEES)]A _[ng’g)]A}’ (3.3

boundary condition of convective heat exchange with the environment at the boundary X=X6
(multilayer wall with a sample):

=o' [T,(7)-T(01)]: (3.2)

ar (X, t
My (ax )_ o [T(X7)-T,]. (3.4)
v Ce T(X7) ‘ T,(7) ’
o =o,+ - ,
TX0-T,(x) || 100 100
0.33
o, =A[T(X7)-T,(1)] (3.5)

where C, — specific volumetric heat capacity; A — thermal conductivity; T — temperature;
T — time; x — coordinate; o1 — heat transfer coefficient from the heating surface of the fire-retar-
dant coating or heated concrete; o, — heat transfer coefficient from the unheated floor surface;
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Co — the emissivity of a completely black body (C;=5,67); € — the coefficient of radiation of the
surface of the fire-retardant coating or heated concrete; T, — the temperature of the hot gases
in the furnace during the test; T — initial floor temperature before the test. The heat transfer
coefficient from the heating surface of the flame retardant coating or concrete heated o is
assumed to be 25 W/(m?-°C) (for standard temperature regime) and 50 W/(m?-°C) (for hydrocar-
bon fire temperature regime), coefficient radiation of the surface of the fire-retardant coating or
heated concrete e=0.7. The heat transfer coefficient from the unheated floor surface o** (3.4),
(3.9) also considers the convective o, and radiative heat exchange from the horizontal surface
(A=1.16) to the environment. The multilayeredness of the considered model is considered by the
dependences C, and A on the coordinate.
The two-dimensional mathematical model was a system of equations:

aT aTY od(,dT) of,dl
Cl—+V +V —|=—|A—[+—| A— | (3.6
P ”(ar+ o Vay] ax( axj+ay( ay)
equation of air motion in a cavity with free convection:
aV, aV aVv oP o 1% 0 v
LV 2+l L |=pg——+— L+ — -1 (3.7)
p(ar B I 8y] P ax+ax(“X ax)+ay(“x ay)
1A oV oV
P —V+VX8VX+V—V =—£+i uxavx]+a ux—==1, (3.8
ot ox oy oy ox ox ) oy oy

continuity equation for air in the cavity:

dlpV)
8[p]+a(pV)+ pY,

i v X

=0, (3.9)
at ox ay

equation of state of compression of gas for air in the cavity:
py-AT (3.10)

equation of radiative heat exchange between the walls of the floor cavities with air transparent
to radiation rays:

%, (xy) _ of* 1 , (3.11)
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boundary conditions of radiation-convective heat exchange from heating and non-heating sur-
faces according to (3.1)-(3.5);

conditions of symmetry (absence of heat exchange) on the side faces of the periodic part of
the considered reinforced concrete slab (Fig. 3.3, b):

aT(x,0.t aT(x,y.t
( ):[], ( ):O. (3.12)
oy ay
X b 4
185
. 386mm - =
| —~ |
< (o))
eV 0. |
° . L — o — o
L] <
~ '
7] | y
- 2
a b
O Fig. 3.3 Multi-hollow reinforced concrete floor PC 48-12-8t: a — general view;
b — scheme of the periodic part (fragment) of the coated plate used in 2D modelling:

1 — heating surface; 2 — fire-retardant coating; 3 — reinforced concrete floor;
4 — unheated surface; 5 — cavity (round cavity) floor

In (3.6)-(3.12): u — dynamic viscosity; g. — radiation flux on the surface of the cavity with the
coordinate x and y in the direction /; d¢ — change of angular coefficient; o — Stefan-Boltzmann con-
stant; V/ — the volume of air in the cavity; P — air pressure in the cavity; g — free fall acceleration;
R — universal gas constant.

Heterogeneity (concrete, air in cavities, fire-retardant coating) in the considered model is
considered by the dependences C,, p and A on the coordinates x and y.

There are two approaches in setting parameters for modelling the thermal state and fire resis-
tance of both fire-retardant and unprotected multi-hollow reinforced concrete floors:

1) setting parameters from regulatory documents (DBN, DSTU, Eurocodes and other refer-
ence sources);

2) setting the parameters found by the results of tests of building structures for fire resis-
tance (solving inverse and direct problems of thermal conductivity) [196].
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Both approaches are widely used in the practice of calculations of stationary and non-station-
ary heating of fire-retardant multi-hollow reinforced concrete floors in the design, reconstruction,
construction of new facilities [197, 198].

However, the values of the fire resistance of multi-hollow reinforced concrete slabs found
using such approaches differ, as inaccuracy in setting or using such parameters can lead to erro-
neous determination of the fire resistance of the studied structures. This can negatively affect the
main indicators of fire statistics: deaths and injuries in fires, the number of fires, the number of
destroyed and damaged buildings.

3.2 DEVELOPMENT OF A STRUCTURAL-LOGICAL SCHEME OF THE COMPUTATIONAL-
EXPERIMENTAL METHOD

According to the developed physical and mathematical models, the computational-experimental
method for estimating the fire resistance of fire-retardant reinforced concrete structures is a
way to analyze, optimize and predict the studied heat and mass transfer processes in fire-retar-
dant reinforced concrete structures based on computer numerical with the help of experimental
information about the studied process and the solution of inverse thermal conductivity problems.
The basis of the method is a mathematical (calculated, numerical) model of the studied physical
process, and the experiment (experimental data) is an auxiliary component necessary to ensure the
adequacy of the selected model [199].

The main components of the calculation and experimental method for assessing the fire resis-
tance of fire-retardant reinforced concrete structures are:

1. Calculation model of the physical process.

2. Experimental data needed to ensure the adequacy of the process model.

3. Methods of identifying the parameters of the selected process model in order to ensure
its adequacy.

4. An adequate model is obtained, which is then used to solve the tasks of analysis, optimiza-
tion or forecasting of the studied physical process.

As a result, the computational-experimental method consists of the components presented
in Fig. 3.4 [200].

As can be seen from Fig. 3.4, the object under study and the mathematical model describing
the main physical processes occurring in the object allow to obtain, respectively, the experimental
characteristic of temperatures (T) and calculate the model characteristic of properties (Ty). In
turn, these characteristics depend on several input parameters P of physical or technological nature.

In our case, such parameters P include the thermophysical characteristics of concrete and
fire-retardant coating — thermal conductivity and heat capacity. The parameters P are usually un-
known, and their determination is possible by solving the inverse problems of thermal conductivity
according to experimental measurements of Tz The solution of the inverse problems of thermal
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conductivity is to find such values of P for which the calculated (Ty,) and experimental (T values of
some characteristics (in our case thermal) become close to each other.

| e | MODEL
I I S
\ /
Solving inverse thermal
conductivity problems
05
F={Slc. m-c | /ml  —min
- ,-51[ 1P|
% ] + [ ww
| Research ‘ I Optimization l ’ Forecasting ‘
QO Fig. 3.4 Scheme of calculation and experimental method

The criterion for the proximity of these characteristics is most often the value:

(3.13)

where m — the number of experimental measurements used to solve the inverse problem;
& — rms measurement error.

The parameters P of the studied process obtained by solving the inverse problems of thermal
conductivity are used based on the same model to solve the main engineering problems of analysis —
optimization of parameters or forecast (Fig. 3.4). In our case — to assess the fire resistance of
fire-retardant reinforced concrete structures. Solving inverse problems is an auxiliary procedure
designed to ensure the adequacy of the chosen model to the physical processes under consider-
ation [201]. The scheme of the developed calculation and experimental method for assessing the
fire resistance of fire-retardant reinforced concrete structures and the procedure for its applica-
tion are shown in Fig. 3.5.
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Calculation and experimental Technic of method
method application

!

Physical, mathematical model
MODEL (equations, limit, initial conditions,
algorithml, structural-logical
scheme

!

TESTS Type of construction, number of
samples and tests, test
conditions

INVERSE PROBLEMS —— Method ‘frlrr' salving inverse tﬁsrmal
conductivity problems, algorithm,
identification, convergence of results
(uncertainty analysis], verification,
validation, sensitivity analysis,
computational experiment

v

Assessment of fire resistance of fire-retardant structure

QO Fig. 3.5 Scheme of calculation and experimental method and the procedure
for its implementation

Thus, the scheme of the computational-experimental method consists of the following
stages (Fig. 3.9):

1. Development of physical and mathematical models of the thermal state of fire-retardant
reinforced concrete structures.

2. Carrying out fire resistance tests or field fire tests (part of a structure or a sample of
reduced dimensions), which are reduced to temperature measurements on samples of samples
and deformation of samples (for load-bearing structures) and in a fire furnace at specified tem-
perature conditions.

3. Identification according to the tests of fire resistance of thermophysical characteristics of
the model based on the solution of inverse problems of thermal conductivity.

4. Use of thermophysical characteristics and models to determine the characteristics of
fire-retardant ability of coatings of fire-retardant reinforced concrete structures based on fire
resistance tests under different test conditions (temperature conditions, fixing conditions, sample
loads, temperature measurement scheme) [41].

The above approach can be defined as a set of models, equipment, methods and techniques and
as a way (means) to achieve the goal.
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321 CHOOSING A METHOD FOR SOLVING INVERSE THERMAL CONDUCTIVITY PROBLEMS

We define inverse and direct problems of thermal conductivity, which are the main types of
problems solved in this paper.

According to [202-206], the direct problems of thermal conductivity are the task of finding
the distribution of heat and mass potentials T under known conditions of unambiguity P, in turn, the
inverse problems of thermal conductivity are the task of finding one or more quantities (character-
istics, parameters) under conditions of unambiguity, the classification considered in [207] is used
to separate the formulations of inverse problems of thermal conductivity.

Before considering methods for solving inverse thermal conductivity problems, let us analyze
some symbolic records of direct and inverse thermal conductivity problems. According to the
notations adopted in the work, the class of direct problems can be formulated in the following
functional form:

FiP) =T, (3.14)

that is, the operator F converts the input data P into the output data 7. The inverse problems
in a similar form in general can be represented:

F_1[TH]=P, [315]

that is, the operator F', reverse operator F, converts experimental data 7, in one or another
meaning of the required conditions of unambiguity P.

All known methods for solving inverse thermal conductivity problems can be divided into two
groups of methods — direct and extreme. The division of methods into these two groups is based
on the use of experimental values of T,: or their direct substitution depending on the type (3.15)
(when the type F" is found), or a substitution in the functional of the F type:

F(PY=||FPY~T, ]| = min, (3.16)

which is minimized to find the desired values under conditions of unambiguity P (Fig. 3.9).
Functional Fin most cases has the form of the sum of squares of deviations of the calculated values
from the experimental ones.

It follows that the method of dividing the methods of solving inverse thermal conductivity
problems into direct and extreme can be considered the presence in the method of the operation
of finding the extremum, the minimum of the mismatch functional [207] or the presence of math-
ematical transformations to obtain the inverse F' operator. In applied mathematics, in particular
in linear algebra, the methods of solution are divided into direct and iterative [208]. This division is
inherently close to the above.
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Direct methads, in turn, can be divided into model behaviour methods and decision behaviour
methods [209], depending on how the explicit form of the F' operator is obtained: by formally
transforming the original mathematical model relative to the desired P or by transforming analytical
or numerical solution of the direct problem with respect to A.

Extreme methods, in essence, formally satisfy the above requirements of 1-2, so we will dwell
on these methods in more detail. It will be recalled that extreme methods look for such values
that are included in the conditions of unambiguity P, which lead to the proximity (in a sense and in
a certain norm) of experimental and corresponding to the calculated values of the initial values of
the Ty, model.

Functional notation F(P) implies the need to solve the direct problem of thermal conductivity
with the help of appropriate software. Minimization of the functional F is carried out by various
methods from the simplest method of selection (samples) to various iterative computational meth-
ods and procedures of gradient and other types [205, 209].

In iterative methods, the extremum F (usually the minimum) is reached as the limit of succes-
sive approximations, which is calculated according to the same scheme.

When choosing and developing a method for solving inverse thermal conductivity problems,
we formulate in more detail the requirements for such a method, which are derived from the
above analysis:

1. The method should belong to the group of extreme methods for solving inverse thermal
conductivity problems. As mentioned earlier, only based on these methods it is impossible to build
a method that satisfies the formulated requirements of the approach, because only such methods
are invariant to the type of mathematical model and content of the desired characteristics or
parameters. In this case, the formulation of the extreme method is universal — to find such val-
ues of P that minimize the value of F. The functional relationship between the value of F and P is
always determined by the same dependence, and the relationship between solving direct problems
of thermal conductivity Ty, and the required parameters P — arbitrary operator F, i.e. functional
F(P)=|FP)~T,||— min, the same (universal) for finding any values of P from the conditions
of unambiguity. For a mathematical model, algorithm or computer program that simulates the
studied heat and mass transfer process and have the functional form F(P)=T,, the method, algo-
rithm and computational program for solving the inverse problem based on the implementation of
condition (3.13) are also the same for search for any R. If the form of the operator F changes, i.e.
we turn to the study of other heat and mass transfer processes, the form of F(P) changes. When
using direct methods, it is necessary to change the inverse operator F~' each time at transition
from search of one size from P to another that does these methods not universal.

The analysis of extreme methods for solving inverse thermal conductivity problems showed
that for the general case the most universal are iterative schemes (methods) that allow to obtain
solutions of both linear and nonlinear inverse thermal conductivity problems.

2. The method, algorithm and program that implements them are methodologically and pro-
grammatically independent of the model and program parts or modules. The values of derivatives of
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the first dT,,/dP and higher order can be obtained only numerically on the basis of variation of the re-
quired P and calculation of the corresponding T,, by solving direct problems of thermal conductivity.

3. The method must include effective procedures (methods) to combat the instability of in-
verse thermal conductivity problems.

4. The method should be as economical as possible in computational terms. The main criterion
for the cost-effectiveness of the method in this regard is the required number of solutions of direct
problems of thermal conductivity to obtain the solution of inverse problems of thermal conductivity.
This property of the method is especially important for solving common, multidimensional, nonlinear.,
nonstationary inverse thermal conductivity problems.

9. The method should include procedures for assessing the accuracy of the solution obtained
(if the necessary experimental information is available).

The following is a method for solving inverse thermal conductivity problems that satisfies the
above requirements.

The iterative Newton-Gaussian method [207] was chosen as a hasis for estimating (identify-
ing) parameters in the general case of nonlinear mathematical models (including models of heat
and mass transfer processes). As already mentioned [207], the Newton-Gauss method is one of
the most effective (in terms of convergence rate) and reliable first-order methods for nonlinear
estimation of model parameters. In essence, it belongs to a group of extreme methods for solving
inverse thermal conductivity problems, according to which such a vector of required parameters
P=I[P1, P2, ..., Pi, ..., Pnl is calculated, for which the residual value F(P) seeks to minimize:

Foy = 3 [1,-1, —min (3.17)
j=1

where T, and T, — experimental and model (calculated by solving direct problems of thermal
conductivity) values of the potential at the j-th point, the space-time point of the problem area;
t — the total number of these points.

The point j means an arbitrary point in space and (or) in time, in which the values of potential or
other physical quantity of the studied process are known from the experiment or given in another
way, in which the same quantity is calculated using a mathematical model of such process. The num-
bering of these points in the space-time domain can be arbitrary, chosen for various reasons, the
main thing is to maintain their correspondence in the model and the object or process under study.

The following iterative calculation scheme is used to search for the vector P:

P/+1 — P/ +B' 'AP/, (3.18)

where /=0, 1, ..., L —iteration number; ' — the length of the iterative step; AP — the incre-
ment of the vector of the required parameters P on the iteration /41, which is determined by the
solution of the following system of linear algebraic equations:
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ZLAP 4+ 4 ZUAP 4+ 2 AP =T, -T),

Z AP+ + 2 AP+ + 7, AP =T T, (3.19)

)

ZVAP +- 70 AP -+ 70 AP =T _Tnlvlw,

where Z;; — sensitivity function (change) of potential T}, at the j-th spatial-temporal measure-
ment point (j=1, 2, ..., m) before changing the i-th parameter P, (i=1, 2, ..., n) vector P. Value
T in (3.16) and (3.17) are calculated by solving direct prablems of thermal conductivity at known
(given at /=0) parameters on the previous iteration / using the same mathematical model and the
corresponding computer program, for which it is solved by the inverse method of inverse thermal
conductivity problems. Value T, are calculated at each iteration at the same spatiotemporal points
at which the corresponding values are measured or assigned 7.

The iterative process (3.18) minimizes the quadratic criterion (3.17). If the quadratic error
of the experimental data T;, is known, then the value of F(P) in criterion (3.17) should be directed
not to min, but to &2

Fit) = i [1,)-T,] =& (3.20)

j=1

The redefined (usually) system of linear algebraic equations (3.19) is solved using the least
squares methad [207, 210]. The system of linear algebraic equations (3.19) can be abbreviated:

A-AP =B, (3.21)

where A — matrix of sensitivity coefficients Z; B — vector of the right part.
Then, according to [208], the solution of the system of linear algebraic equations of dimension
mxn (m=n) is obtained by solving the following system of dimension nxn:

AA-AP =AB, (3.22)

where A™ — matrix transposed to the matrix A.
Exit from the iterative process can be done by satisfying criterion (3.16) or (3.17) or the
following condition:

max|AP/ / P/|-100 <, (3.23)

where ¢ — small value, for example, 0.005.
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The iterative algorithm (3.18)-(3.23) called the Newton-Gaussian method for estimating the
parameters of nonlinear madels [207, 211, 212] is part of the group of so-called quasi-Newtonian
methods and can be used as one of the most effective methods for solving in the general case of
nonlinear inverse problems of thermal conductivity.

Sensitivity functions Z,, which are partial derivatives

T
Z,= u(p) g”p(p), (3.24)

i

from the potential T, which is calculated by solving direct problems of thermal conductivity at
point j on the i-th desired parameter P, in the general case are calculated numerically as follows:

7 = Em(pv“"p/ + 8pi"“'pn)_ EM(pP""pI"“‘pn)' (3.25)

Il 8p

i

The value of the “perturbation” &p; or the i-th required parameter is calculated as Bp,=0.001 P.
The value of 0.001 is chosen empirically and allows, on the one hand, to ensure acceptable accuracy
of calculation of the value of Z; by (3.25), and on the other — to avoid the influence of machine
rounding errors.

First of all, it should be noted that the method (3.18)—(3.23), as an iterative extreme method,
satisfies the requirements of the universality of the method for solving inverse thermal conductivity
problems formulated above. In fact, to implement the algorithm (3.18)—(3.23) it is not necessary
to rearrange or modify it in the transition from the search for one parameter to another or from
one group of parameters P, to another. The use of the numerical method for calculating the sen-
sitivity functions Z;; also makes the method independent of the structure of the model of direct
problems of thermal conductivity. This method of solving inverse thermal conductivity problems is
enough to move to a model and program that implements direct thermal conductivity problems as
a “black box”, varying the input parameters P, included in the “box”, and using the original calcu-
lated values of the “box” Ty.

Analysis of matrix A and matrix A’A shows that although the A’A matrix is positively deter-
mined, it is not always positively conditioned. The physical and mathematical incorrectness of the
inverse thermal conductivity problems is manifested in the poor conditionality of the A’A matrix,
so the inversion of the ATA matrix (solution of the system of linear algebraic equations (3.19)) can
lead to unstable solutions of such a problem.

The following is a method for obtaining a stable solution of the A’A matrix by the method of
regularization A. Tikhonov [213], according to which instead of a system of equations (3.22) is
solved by equation

(AA+a E)AP=AB, (3.26)
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where E — single matrix; o. — regularization parameter, which can be selected by various
methods described in [203], or by the method of the so-called reference example [200].

There is another way to increase the stability of the solution of the inverse problem of thermal
conductivity is a way to narrow the class of required solutions by imposing restrictions on the vec-
tor of the required parameters P above and below. To do this, two more vectors are introduced,
P, — for the maximum values of the required parameters and P, — for minimum. Values P, and
P..» are set for various a priori reasons regarding the range of change of the required parameters.

The presence in this algorithm for solving the inverse problem of thermal conductivity of the
system of equations (3.19) makes it easy to consider such limitations as follows. Having restric-
tions on the type of inequalities,

Prn S PSP (3.27)

on the iteration of /+1. For g parameters included in the vector P and violated the constraint
(3.27), the increase of AP! is calculated by the formulas:
Posc =Py P> Py

Ap= _
g Do =P P <P, (3.28)

The columns of the matrix of the system of equations (3.19) with increments calculated
by (3.28) are transferred to the right part of the system of equations, and the matrix (3.27) is
solved only for those AP}, that did not violate the constraint (3.27). Then the iterative process
(3.18)-(3.23) continues in the same way. Naturally, in the presence of g parameters that violate
constraint (3.27), which is solved by a system of linear algebraic equations (3.19), it reduces its
order from nxm to (n—q)xm, i.e., the problem is simplified.

The following methodological approach to the use of procedures 1—-4 to combat the instability
of solving the inverse problem of thermal conductivity. It is recommended to enter the top and
bottom restrictions on the required parameters by always setting the range Pre, and Py. If any of
the required parameters “falls” in the process of solving the inverse problem of thermal conduc-
tivity on any constraint and there is no confidence in the correctness of its setting, this constraint
could be “removed”. Constraints are especially useful in solving those inverse problems of thermal
conductivity for which it is known a priori that the desired functions or parameters are positive
(heat and mass transfer coefficients, sources, heat or mass flows) or negative (effluents, outgoing
heat fluxes, or masses).

A. Tikhonov's regularization method is used then, when previous procedures “do not work”
and the solution of the inverse problems of thermal conductivity remains unstable. This method
can be called “heavy artillery”, the addition of which to the previous procedures allows you to get
a stable solution almost always. However, we must pay attention to the choice of the regularization
parameter o.
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3.3 CHECKING THE EFFICIENCY OF THE PROPOSED CALCULATION AND EXPERIMENTAL METHOD

In this section, work was carried out to identify the relationship between the parameters of
fire-retardant plaster coating (on the example of “Neospray”) and fire resistance of fire-retardant
multi-hollow reinforced concrete floor as a scientific basis for their use in construction, considering
fire safety requirements. experimental method for assessing the fire resistance of fire-retardant
reinforced concrete structures. Determination of fire resistance of fire-retardant multi-hollow
reinforced concrete floors was carried out in accordance with [214] and consisted in determining
the time interval from the start of the test at standard temperature [215] samples of floors under
fire on the sample from below before the onset of one of the normalized limit states on the grounds
of loss of integrity, load-bearing capacity or thermal insulation capacity.

Two samples of fire-retardant multi-hollow reinforced concrete slabs of PC flooring 48—12-8
with dimensions of 4780x1190 mm and thickness of 220 mm were tested. The plate
has a load-bearing steel frame, which consists of five lower longitudinal load-bearing rein-
forcement 12 mm (reinforcement mark not provided) and 4 mm reinforcement wire Bp1,
concrete C12/15. The average value of the thickness of the protective layer of concrete to the
lower load-bearing reinforcement was 20 mm. The limit of fire resistance of the plate according
to the manufacturer is REl 45. On the samples below and on the sides of the plates with a plaster
unit was applied a layer of substance from the fire-retardant coating (plaster) with an average
thickness of 25.5 mm. The samples were installed on a horizontal furnace (statically indeterminate
support scheme) with support at the edges through compensating supports made of basalt slabs
40 mm thick. The load was carried out by calibrated loads in the form of concrete blocks, which
were installed on the samples through compensating supports. The actual load on the samples is
set based on the creation in the plates of voltages corresponding to the stresses from a specific
distribution load of 570 kg/m?.

According to [215], the limiting value of the deflection of the samples, which is 220 mm
(deflection b=4400 mm, the estimated thickness of the plates 220 mm), and the limiting value
of the rate of deformation — 9.8 mm/min. To measure the average and maximum temperature
from the unheated surface of each sample, 5 chromel-alumel thermocouples were installed. One
thermocouple in the center of the sample and four in the geometric centers of the quarters of the
sample. For tests of the horizontal test furnace and means of measuring equipment which are given
in Tahle 3.1 were used.

The values of deflection and growth rate of deformation of the samples at 242 minutes of the test
were, respectively, 42 mm and 0.4 mm/min (sample N2 1) and 46 mm and 0.4 mm/min (sample N2 2).

The results of measurements of temperature values in the fire furnace are shown in Fig. 3.8,
and from the unheated surface of the fire-retardant reinforced concrete floor slab — in Fig. 3.7.

The data obtained as a result of tests for fire resistance (Fig. 3.8, 3.7), later, according to
the mathematical model and the proposed method, were used to determine the thermophysical
characteristics of the coating under study [196].
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@ Table 3.1 Means of measuring equipment

Ne The name of the equip-

Serial number

Measuring range

Measurement error

ment
1 Metal ruler
2  Metal roulette
3  Stopwatch
4 The device of control of

excess pressure in the
TNZh-N furnace

Thermocouples THA,
16 units

Psychrometer aspiration
MV-4M

Calipers

Measuring and recording
complex “TEST-SERT”

8826

24723

18358

B205755
1

from 0 to 1000 mm
from 0 to 5000 mm

from 0 to 60 s
from O to 60 min

from 0 to 100 Pa

from 0 to 334 °C
from 334 to 1300 °C

from 10 to 100 %
from —25 to 50 °C

from 0 to 250 mm
from 0 to 1300 °C

+1 mm
+1 mm

+04s
+1s

1.9

+25°C
+0.0075xT measer., °C

+3 %
+0.2°C

0.05 mm
+(0.5+0.0009M °C+1¢

QO Fig. 3.6 Dependence of the temperature in the furnace on the time of fire exposure on
the heating surface of the fire-retardant reinforced concrete multi-hollow slab with a thickness
of 220 mm: 1 — curve of standard temperature regime; 2 — real curve of temperature change
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in the furnace; 3 — the minimum values of temperature in the furnace are admissible at tests;

4 — the maximum values of temperature in the furnace are admissible at tests
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O Fig. 3.7 Dependence of temperature on the time of fire exposure from the unheated
surface of fire-retardant multi-hollow reinforced concrete floor in different places of
temperature measurement

To do this, we chose a one-dimensional mathematical model of the thermal state of fire-retar-
dant reinforced concrete floor with 6-layer slab, which is a one-dimensional equation of thermal
conductivity considering radiant heat transfer and boundary conditions of the third kind on the
heating surface and boundary conditions of the third kind.

The FRIEND-2 software package was used to determine the thermophysical characteristics of
fire-retardant coatings of steel and reinforced concrete structures, as well as other parameters of
heat exchange processes based on non-stationary measurements of temperatures inside or on the
surface of samples, heat fluxes, temperature values or heat transfer coefficients.

To determine the required thickness of the investigated fire-retardant coating of reinforced
concrete structures, the thermophysical characteristics of concrete (Fig. 3.8) of fire-retar-
dant flooring were first found by solving inverse thermal conductivity problems, which are most
effectively solved on the basis of one-dimensional 1D models. For this purpose, a 1D equi-
valent model of the thermal state of the structure in the FRIEND software environment
was used [216, 217].

Using the found dependences (Fig. 3.8) further calculations on definition of thermophysical
characteristics of plaster structure (Fig. 3.9) which depend on temperature were carried out.
Although, according to the manufacturer, the coefficient of thermal conductivity of the investigated
coating in the dry state is equal to 0.11 W/m-°C at 20 °C. However, it is clear that for most fire-
retardant materials the thermophysical characteristics of the temperature change during heating
due to physico-chemical processes in them [218].
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O Fig. 3.8 Dependence of the effective coefficient of thermal conductivity of concrete

of fire-retardant reinforced concrete multi-hollow floor on temperature, obtained as a result
of solving the inverse problems of thermal conductivity according to fire resistance tests
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QO Fig. 3.9 Dependence of the effective coefficient of thermal conductivity of plaster coating
on the temperature found by solving the inverse problems of thermal conductivity according to

the tests of fire resistance of fire-resistant multi-hollow reinforced concrete floor

As can be seen from Fig. 3.9, in the temperature range from 0 °C to about 500 °C the value of
the thermal conductivity of the investigated plaster coating decreases linearly and passes through
a minimum value of 0.05 W/m-°C (at 500 °C), which can be explained by a decrease in density
and increasing the porosity of the coating by removing natural and chemically bound moisture.
The increase in the thermal conductivity in the temperature range from 500 °C to 1100 °C is due
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to the appearance of the radiation component in the pores of the coating in combination with its
high-temperature shrinkage.

Criterion (3.13) was 0.827 °C, and the calculated and experimental temperatures are
shown in Fig. 3.10.

t.°C
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QO Fig. 3.10 Dependence of temperature on time of fire influence from unheated surface of

fire-protected reinforced concrete floor: 1 — experimental temperature from unheated surface;
2 — design temperature obtained by solving the inverse problems of thermal conductivity

When finding the thermophysical characteristics of the coating, the specific volumetric heat
capacity of the plaster coating was set constant and equal C,=1-106 J/m®-°C, and the thermal
conductivity coefficient was calculated as a function of temperature. Thermophysical characteris-
tics of concrete layers were used previously found (Fig. 3.8).

To assess and predict the fire resistance of fire-retardant multi-hollow reinforced concrete
floors, it is necessary to know at what thickness of the fire-resistant plaster coating provides the
normalized limit of fire resistance of this floor. For this purpose, the characteristics found above
are used: thermophysical characteristics of concrete (Fig. 3.8) and plaster coating (Fig. 3.9).

This dependence in this work is called the characteristic of fire-retardant ability of the coating
and is defined as the dependence of the thickness of the fire-retardant coating on the thickness
of the protective layer of concrete (distance between the heating surface and adjacent reinforce-
ment). the ability or achievement of critical temperature reinforcement at a specified load level in
the test [219]. Based on the developed method of assessing the fire resistance of fire-retardant
reinforced concrete structures by solving a series of direct problems of thermal conductivity,
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the dependence was found for the normalized values of fire resistance of fire-resistant multi-hollow
reinforced concrete floors (Fig. 3.11).

S, mm

10 20 30 40 a0 a, mm

O Fig. 3.11 Dependence of the thickness (8) of “Neospray” plaster coating on the thickness

of the protective layer of concrete of multi-hollow reinforced concrete floor (a) according to the

criterion of reaching the critical temperature of reinforcement (500 °C) for fire resistance: —
1 - 60 minutes; 2 — 90 minutes; 3 — 120 minutes; 4 — 150 minutes; 5 — 180 minutes;

6 — 240 minutes

With the help of the obtained dependence, it is possible to determine the thickness of the
fire-retardant plaster coating depending on the thickness of the protective layer of concrete for
the required limit of fire resistance of the fire-retardant reinforced concrete structure, at which
there is a limit state of the structure of fire resistance on the basis of reaching the critical tem-
perature of the valve at a given level of load or thermal insulation capacity [220].

It should be noted that the accuracy of fire-retardant performance is estimated at 16 % and
may be higher if additional temperature measurements are used not only from the unheated sur-
face, but also on the fittings, under the fire-retardant coating and in the middle of the floor [221].

Thus, the study of the relationship between the parameters of fire-retardant plaster coat-
ing (on the example of “Neospray”) and fire resistance of fire-retardant multi-hollow reinforced
concrete floor in general confirmed the effectiveness of the calculated and experimental meth-
od for assessing fire resistance of fire-retardant iron-resistant structures. The advantage of
the proposed method is the ability to assess the fire resistance of fire-retardant and unpro-
tected reinforced concrete structures and the fire-retardant ability of coatings. This method is
more economical than experimental or computational, which allows the results of one or more
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experiments (fire tests), using the developed mathematical models, to assess the fire resistance of
structures and fire resistance of coatings. These results will allow a more accurate approach to as-
sessing the fire resistance of such structures with fire protection in the design of buildings and struc-
tures. The results of the study will be useful for designers, manufacturers of fire retardants, as they
allow to calculate the required thickness of coatings, which provides a normalized limit of fire resis-
tance at a given thickness of the protective layer of concrete structures of buildings and structures.

CONCLUSIONS ON THE SECTION 3

1. Physical and mathematical models for assessing the fire resistance of fire-retardant re-
inforced concrete structures have been developed. An algorithm was applied, which includes the
following stages: selection of the formalization apparatus, construction of the external description,
verification of the model's operability, construction of the internal state, verification of operability
and identification of parameters. The initial and boundary conditions for the construction of these
models are formulated, which allow to predict the fire resistance of the fire-resistant reinforced
concrete structure with sufficient accuracy for engineering calculations. The peculiarity of the
developed models is taking into account the thermophysical characteristics of reinforced concrete
structures and fire-retardant coatings, as well as taking into account the peculiarities of the for-
mation of fire regimes.

2. Based on the offered physical and mathematical models the calculation-experimental method
of estimation of fire resistance of fire-protected reinforced concrete designs is developed. The
structural-logical scheme of realization of the developed method provides 9 blocks located in 5 le-
vels connected by logical connections and includes experimental and computational parts. The
experimental part of the method involves a series of tests for fire resistance at specified fire
conditions (standard, external, hydrocarbon, tunnel, real fire). Calculation part — contains the
following mandatory procedures: construction of a calculation model of the physical process;
identification according to the data on fire resistance tests of thermophysical characteristics of
the model based on the solution of inverse problems of thermal conductivity; determination of
characteristics of fire-retardant ability of coatings based on the results of tests for fire resistance
of fire-retardant reinforced concrete structures under different test conditions (fire conditions,
fixing conditions, load of samples, temperature measurement scheme, climatic factors).

3. The efficiency of the developed calculation and experimental method for assessing the fire
resistance of fire-retardant reinforced concrete structures by identifying the relationship between
the parameters of fire-retardant plaster coating (on the example of “Neospray”) and fire resis-
tance of fire-resistant multi-hollow reinforced concrete floor. This created a scientific basis for the
use in the construction of fire-retardant reinforced concrete structures, taking into account the
requirements of fire and man-made safety. The dependence of the thickness of the plaster compo-
sition “Neaspray” on the thickness of the protective layer of concrete of fire-retardant reinforced
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concrete multi-hollow floor for the normalized limit of fire resistance of the floor 60—-240 minutes.
The efficiency of the investigated plaster fire-retardant coating is proved and the dependence
of the thermal conductivity coefficient on the temperature under heating conditions in the test
furnace of fire-retardant multi-hollow reinforced concrete floor at standard fire temperature is
established. It was found that in the temperature range from 0 °C to 500 °C the value of the ther-
mal conductivity of the plaster coating “Neospray” decreases and passes through a minimum value
of 0.05 W/m-°C (at 500 °C), due to reduced density and increasing the porosity of the coating by
removing natural and chemically bound moisture. The increase in the thermal conductivity in the
temperature range from 500 °C to 1100 °C, due to the appearance of the radiation component in
the pores of the coating in combination with its high-temperature shrinkage.
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CALCULATION AND EXPERIMENTAL METHOD OF
EVALUATION OF FIRE RESISTANCE OF FIRE PROTECTED
STEEL STRUCTURES

RBSTRACT

In this section the mathematical model and method of estimation of fire resistance of fire-pro-
tected steel designs is developed, the algorithm of application of the developed method is con-
sidered, the description of procedures of its realization is given. The efficiency of the proposed
method in determining the influence of climatic factors of fire temperature (on the example of
the temperature of a hydrocarbon fire) on the accuracy of assessing the fire resistance of fire-
resistant steel structures.

KEYWORDS

Fire-retardant steel structure, fire-retardant coating, fire temperature regimes, inverse prob-
lem of thermal conductivity, thermophysical characteristics, evaluation of fire resistance of fire-
retardant steel structures.

41 MATHEMATICAL MODEL FOR ESTIMATING THE FIRE RESISTANCE OF A FIRE-RESISTANT
STEEL STRUCTURE

Mathematical model for assessing the fire resistance of fire-retardant steel structure includes
the following factors: temperature of the fire, thermophysical characteristics of the protected
surface and fire-retardant coatings, climatic factors [222].

The physical model of thermal conductivity in the system “steel structure — fire-retardant
coating” is the heating of a two-layer plate consisting of a layer of steel with a thickness of
d,/2=V/A, and a layer of fire-retardant coating with a thickness of d, (Fig. 4.1). On the x, side
of the coating, convective-radiation heating from hot gases in a fire furnace is carried out. In the
considered physical model of heating of a two-layer plate only half of a layer of metal (d,/2), is
considered as in the conditions of tests on fire resistance, as a rule, bilateral heating of a steel
sample is carried out. As a result, at the limit x=0 (Fig. 4.1) the condition of symmetry of the
temperature curve is accepted, which is equivalent to the absence of heat flow on the left.

As is known, the nonlinear mathematical model of the thermal conductivity process in such
a two-layer plate for the Cartesian coordinate system is a one-dimensional equation of thermal
conductivity with boundary conditions of the 3rd kind on the boundary x=x.=d,/2+d, and zero
heat flux on the boundary x=0. The temperature distribution © in the sample and the coating is
described by the system of equations [223]:
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— initial condition: 6,(x,0) = 6, (4.2

— boundary condition on the heating surface of the coating, when x =d

T (x,, t)

I o (T,(6)-T(x. t))=10, (4.3)
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where

— boundary condition on the inner surface of the coating, when x=0:

ad v od
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0,t)=1,0:), (4.6

where x — coordinate in the coating (x=0 corresponds to the point of contact of the coating
with the steel surface), m; t — time, s; t;., — time that corresponds to the normalized limit of
fire resistance; o, — convection heat transfer coefficient on the heating surface of the coat-
ing, for standard temperature o,=25 W/(m?-°C), for the temperature of the hydrocarbon fire
0,,=50 W/(m*°C); o — total heat transfer coefficient by convection and thermal radiation on
the heating surface of the coating; F — angular coefficient, F=1.0; ¢, — coefficient of thermal
radiation of the heating surface of the coating, €,=0.8; &;— coefficient of thermal radiation of the
flame, &=1.0; ¢ — Stefan—Boltzmann constant, c="5.67-10% W/(m*°C*: 0, — steel tempera-
ture, °C; 6, — the temperature of the gaseous medium at time t, which varies according to the
set temperature of the fire, °C; 0,, — the temperature of the heating surface of the coating, °C;
6, — initial temperature, 6, =20 °C; 6, — coating temperature, °C; 6, — thermal conductivity of the
coating, W/(m-°C); ca — specific heat capacity of steel, J/(kg-°C); c, — specific heat capacity of the
coating, J/tkg-°C); ¢, — coating density, c,= 1420 kg/m® (manufacturer data); ¢, — density of steel,
c.=7850 kg/m® AV — the coefficient of cross section of the protected steel structure, m™.
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Steel d,/2
Covering dp

0 X X X
O Fig. 4.1 Geometric diagram of a metal sample with

a thickness of d,/2 with a fire-retardant coating with

a thickness of d,

The analytical-numerical solution of such a model with respect to the temperature on a steel
structure is the expression

_MAIVO, =0, oo qpp 4.7)

A0, =
“" dop0+9/3 o

c
when A®,, >0, if A6,, >0,a ¢ :c"—zpdpAp V.

ara

Condition (4.5) takes into account the heat capacity of the steel layer, the absence of a spatial
temperature gradient in the steel structure and geometrically the steel layer d,/2 in the area of
solving the problem (Fig. 4.1). Thus, equation (4.5) at the inner boundary of the coating x=x;
describes the heating of a steel layer of volume V and thickness d,/2 from the heat flux coming
from the inner surface of the coating. It is considered that condition (4.5) is valid, because the
coefficient of thermal conductivity of the steel structure is much higher than the coefficient of
thermal conductivity of the fire-retardant coating.

Given the formal geometric absence of a metal layer in the solution area, for ease of presenta-
tion, move point x; (Fig. 4.1) in the point x=0, and point X, — in the point x;, which is equal to the
thickness of the coating layer d,.

The numerical solution of the system of equations (4.1), (4.3)-(4.5) is quite simply realized by
using the finite difference method (explicit four-point approximation scheme) on the calculated grid
k=1, 2, ..., K with spatial coordinates x,=Ax:(k=1), Ax=d,/(K-1].

According to this scheme, for the point k=1 and the corresponding coordinate x,=0, which
is located on the border of steel — fire-retardant coating, the temperature 6,(0) at time t+At is
determined by the expression:
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0,..0=06,,0+4F[6,0,)-0,,0]/[cpVAEA/ (A AAL)+05] (4.8)
Temperature 6, .(x]) at a moment of time t+At at the inner points of the fire protection
coating k=K-1, K-2, ..., 2 and the corresponding coordinates x,=Ax-(k—1) is defined by the
expression:
0,00 X =0, (x)+ AR [6,,(x,)-20, (x,)+6,,(x,_)]. 4.9
Temperature 6,,+At(d,) at a moment of time t-+At at the point k=K with the coordinate
X«=0,, located on the surface of the fire-retardant coating, is determined by the expression
200, AR AX
0,...(0,)=0,,(d,)-2AF [0, (d)-6,,(d, - AX) |+ ——2—]

pt+AL ptp

0,-6,d)], (410

ptp
p

where Af; = MiAt?
prp
calculations, the time increment At should be chosen taking into account the condition AF<0.5.
According to the measurements of temperature 0,(0) when testing samples of steel struc-
tures and calculated temperatures 6,(0) are found with the method of least squares such values
A, and c,, for which the value of the standard deviation F of the calculated 6,(0) and experimen-
tal 0,(0) values of temperatures on the steel wall at the point x=0 will be the minimum for all
samples tested:

> Y[eron-o]
P vl | @11
20,

j=1

and the value of K>20. To ensure the numerical stability of the

where j=1, 2, ..., m; j — the number of the sample under test; m — total number of samples;
n; — the number of experimental temperature values ., used in formula (4.11), for each sample
with numberj (=1, 2, ..., m).

The calculated temperature values are determined from the solution of equations (4.6)-(4.11)
for each of the columns numbered j. This decision is carried out by numerical method.

To determine the dependences of the thermal conductivity coefficient A, and the specific heat
capacity c,p, of the flame retardant coating on temperature, it is recommended to use the method
of solving the inverse thermal conductivity problem based on the Newton—Gauss iterative method
of finding the minimum of the function F and the A. Tikhonov regularization method, the following
algorithm is recommended, which allows to obtain optimal solutions of the inverse thermal conduc-
tivity problem.
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When solving the inverse problem of thermal conductivity, this method considers the spline
approximation of the thermophysical characteristics of the fire-retardant coating of zero, first and
third orders (zero order — constant values, first — linear dependence, third — cubic spline).

In the first step, the search for A, and c,p, of fire-retardant coatings as constants of con-
stants (constants) is performed. The values of the found constants are used as a zero approx-
imation for the next step, in which the search for c,p, as a constant is performed, and for A, a
first-order spline approximation with two temperature nodes is used. The obtained solution is used
as a zero approximation for the third step, in which c,p, is searched as a constant, and for A, the
same spline approximation is used, but with three nodal points in temperature. The increase in the
number of nodal paints for this spline approximation A, is performed until the step in which the
decrease in the deviation F stops.

In the following steps, a first-order spline approximation is used for specific heat consumption
capacity c,p, and the same procedure for determining the number of nodes of its spline approxi-
mation as for .

In the future, if necessary, use a spline approximation of thermophysical characteristics of the
third order. The solution of the inverse problems of thermal conductivity is stopped if a further
increase in the number of nodal points in the temperature for spline approximation of the thermo-
physical characteristics of the fire-retardant coating does not lead to a decrease in the deviation F.
Decisions with the lowest deviation value F are taken as optimal.

Using the found temperature dependences A,(6,) and c,p,(6,) (or constant value of specific
volume heat capacity), the fulfilment of the acceptance criteria is checked. If these criteria are
not met, then modify the values of the coefficient of thermal conductivity at nodal points in tem-
perature. The modified values of the thermal conductivity of the flame retardant coating (Agou)
at each node point are calculated by formula (4.8). This determines the value of the modification
coefficient K, which leads to the fact that the calculated values of the time to reach the critical
temperature meet the acceptance criteria and are closest to the experimental values of this time:

Moty = KA. (4.12)

mod(p p

The dependences A,(6,) (madified, if necessary) and c,p,(6,) (or constant value of specific
heat) are used for further calculations of the values of the minimum thickness of the flame retar-
dant coating. In this case, the values of this thickness are determined by multiple solutions of the
direct problem of thermal conductivity using the mathematical model (4.1)-(4.6). It is expedient
to carry out this decision by the method of finite differences according to the implicit scheme of
approximation with the help of the developed physical model of the system “steel structure —
fire-retardant coating” (Fig. 4.2).

These physical and mathematical models take into account the fact that the heating surface
of the fire-retardant coating is heated by convective radiation from hot gases in a furnace with a
temperature of 6,,. Inside the system “fire-retardant coating — steel plate — insulation” heat is
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transferred by thermal conductivity. The condition of ideal thermal contact between the layers of
the system is accepted. From the unheated surface of thermal insulation heat exchange occurs by
convection [224].

2
T1]
a*da afg, t
— —
- -
13
ot X
o, | 8p

O Fig. 4.2 Physical model of the thermal state in the system
“fire-retardant coating — steel plate — insulation”:

1 — fire-retardant coating; 2 — steel plate;
3 — 2 layers of heat-insulating material

4.2 DEVELOPMENT OF A STRUCTURAL-LOGICAL SCHEME OF THE COMPUTATIONAL-
EXPERIMENTAL METHOD

The developed calculation and experimental method for assessing the fire resistance of fire-
resistant steel structures involves the following steps (Fig. 4.3):

1. Tests for fire resistance of fire-resistant steel structures or experiments to determine the
temperature of the unheated surface of reduced samples of fire-resistant steel structures under
certain test conditions (fire temperatures: standard, hydrocarbon, external, tunnel, real) depend-
ing on the operating conditions of fire protection [225].

2. Construction of mathematical, physical, geometric and computer models of processes oc-
curring in the studied fire-retardant steel structure when tested for fire resistance under certain
test conditions [226].

3. Based on the data obtained as a result of tests for fire resistance (temperature in the
furnace, temperature on the samples of the tested structure), the thermophysical characteristics
of fire-retardant coating (thermal conductivity coefficient, specific volume heat capacity) are de-
termined by solving the inverse thermal conductivity problem [227].
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4. Determining the characteristics of fire-retardant ability of fire-retardant coating — the
dependence of the minimum thickness of the coating on the thickness of the steel structure, the
duration of fire and the value of critical steel temperature, by solving direct problems of ther-
mal conductivity [228].

Calculation and experimental Technic of method
method application
A4 Basic equations
Model (physical, Initial conditions
mathematicall Boundary conditions
l Thermophysical characteristics
v
Fire resistance Number of tests, temperature,
tests climatic factors
v Method
Inverse tasks of thermal L [dentification
conductivity Permissible area of deviation
Sensitivity analysis
A 4 A 4
Characteristics of fire-retardant ability of metal
structure coating
O Fig. 4.3 Scheme of calculation and experimental methaod for assessing the fire-resistance

of fire-resistant steel structures and methods of its application

The difference between the developed calculation and experimental method from existing
methods is that the developed method is a more universal and accurate method compared to
experimental or calculation methods. It allows the results of one or more tests for fire resistance
(experimental part of the method), using the developed mathematical, computer, numerical models
(calculation part of the method) to study the physical processes occurring in fire-resistant steel
structures. Thus, by means of the developed method it is possible to consider various factors
influencing fire-resistant steel designs: temperature modes of fire at which there is a test for fire
resistance; climatic factors that affect the limit of fire resistance of structures; thermophysical
characteristics of steel structures and coatings for fire protection of steel structures; adhesion of
fire-retardant coatings to the protected surface.
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4.3 THE PROCEDURE FOR IMPLEMENTING THE CALCULATION AND EXPERIMENTAL METHOD

431 DETERMINATION OF THE INFLUENCE OF CLIMATIC FACTORS AND TEMPERATURE
OF THE FIRE

The issues of determining the predicted shelf life of coatings of fire-retardant steel structures
by the method of accelerated tests and experimental determination of fire-retardant ability of
coatings of steel structures after climatic tests (for example, water-repellent coating based on
“Phoenix STS”). The list of problematic issues that occur in determining the fire-retardant ability
of coatings of steel structures after their climatic tests is highlighted. The method of the research
of fire-retardant ability of coverings of steel designs after influence of climatic factors is offered.

To consider the influence of climatic factors on the fire-retardant ability of fire-retardant coat-
ings, it is proposed to use a technigue that includes experimental and computational operations, the
sequence of which corresponds to the structural-logical scheme presented in Fig. 4.4.

s N
Application of fire-retardant substance on steel plates according to fire
protection regulations. Carrying out the procedure of accelerated aging

A /

'

Carrying out of experimental research on heating of samples and definition
of fire resistance ability of a fire-retardant covering
N v

I

- ~
Determination of compliance of the actual residual fire-retardant

capacity with the normative value after the influence of climatic factors

\ J

r

O Fig. 4.4 Structural and logical scheme of methods for studying
the durability of fire-retardant coatings

The essence of the proposed technique is to determine the fire-retardant effectiveness of
fire-retardant coatings that have been affected by climatic factors, followed by their comparison
with the corresponding values of fire-retardant coatings that have not been affected.

Determination of the durability of fire-retardant coatings is proposed to be carried out
in 2 stages [229-231]. At the first stage it is necessary to obtain outdated samples of fire-
retardant coatings. The second is to determine the residual fire-retardant ability of the coating and
compare it with the normative values to determine the effectiveness.
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To obtain outdated samples of fire-retardant coatings, two methods are used: the method of
field tests of fire-retardant coatings (aging occurs under the influence of the environment) and the
method of predicting the shelf life of fire-retardant coatings based on accelerated climatic tests.
The essence of the accelerated tests is to create in the climate chamber a cyclical effect of the
annual number of climatic factors of a given region. Existing methods provide for a different number
of accelerated climate cycles, which correspond to 1 year of real influence of climatic factors.

Due to the fact that every year in Ukraine new manufacturers of fire protection products
appear on the market, which offer fundamentally new approaches to fire protection, as well as the
life cycle of most fire-retardant coatings is less than the warranty period of their fire-retardant
properties, it becomes obvious that preference should be given to methods for predicting the
durability of fire-retardant coatings based on accelerated climate tests. Existing approaches to
determining the fire-retardant ability of obsolete coatings consider a large number of indicators,
although some of them do not even relate to fire-retardant properties. However, most researchers
tend to consider the main criterion that characterizes the preservation of normative fire-retardant
properties — is the compliance of their actual fire-retardant ability to normative values.

To study the influence of climatic factors on the fire-retardant coating, fire tests of fire-retar-
dant steel structures were performed using samples of reduced size. Prepared 4 steel plates made
of steel St3 (Fig. 4.5, a), size 500x500 mm and thickness 5 mm with a flame retardant applied
to one surface of the plate (Fig. 4.5, b). A layer of soil GF-021, 0.065 mm thick, was applied from
the heating surface of the steel plate before applying the flame retardant.

O Fig. 4.5 Type of steel samples: a — before applying the flame retardant;
b — after applying a flame retardant

The flame retardant was applied according to the manufacturer’s technology by a mecha-
nized method with an airless spray unit on a specific surface in compliance with all require-
ments (Fig. 4.5, b) [216, 232]. Two of the four steel plates were control and were not exposed
to climatic factors.

93



FIRE RESISTANCE OF REINFORCED CONCRETE AND STEEL STRUCTURES:

To measure the thickness of the formed fire-retardant coating used a thickness gauge, which
was measured at 9 points, the average thickness was 0.31 mm.

At the first stage, accelerated artificial aging of steel plates with a fire-retardant coating
in the climate chamber was carried out. The second stage consisted of fire tests of steel plates
with aged coating and comparison of data with control samples. The essence of climatic tests is
the cyclic reproduction of temperature and humidity in the chamber according to the appropriate
method [216], during which there are eight repetitions of this cycle, which corresponds to 1 year
of service life of fire-retardant coating in real climatic conditions.

According to the chosen method of accelerated aging, the mode was selected that corre-
sponds to the room that is not heated:

1) temperature (40+2) °C, relative humidity (90=+3) % for 6 hours;

2) temperature (20=2) °C, relative humidity (30+3) % for 2 hours;

3) temperature (—=15+3) °C, relative humidity not more than 80 % within 3 hours;

4) temperature (60=+2) °C, relative humidity not more than 80 % within 7 hours;

5) temperature (20=+2) °C, relative humidity not more than 80 % for 6 hours.

Eight repetitions of this cycle correspond to 1 year of service of a fire-retardant covering in
real conditions. As a result of the accelerated aging procedure, samples were obtained that are
aged for 1 and 3 years, respectively. In the course of accelerated aging, there was no significant
“washing away” of the fire-retardant coating from the surface of the steel plate.

The next step was to conduct fire tests of coated steel plates after exposure in a climate
chamber and compare the data with control samples according to the method [232].

To measure the temperature from the unheated surface of the steel plate, 3 thermocouples
of the THA type (Fig. 4.6) with a wire diameter of 0.5 mm (T1-T3), one thermocouple (T2) in
the center of the sample and two (T1, T3) at a distance of 100 mm from the edges of the plate.
Thermocouple joints are hammered into the metal to a depth of 2 mm and attached with heat-
insulating material.

e - p—

O Fig. 4.6 Layout of thermocouples from the unheated surface of the steel plate before the test ——
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From the unheated surface the plate was protected by two layers of mullite silica felt, 20 mm
thick, and a plate of mineral wool, density 75 kg/m® and thickness 50 mm (Fig. 4.7).

QO Fig. 4.7 View of the sample from the unheated surface
of the steel plate

The tests were performed at an air temperature of 15.8 °C, a relative humidity of 48 % and
a pressure of 743 mm Hg.

The essence of the test was to create a temperature in the furnace, close to the standard
temperature of the fire by burning liquid fuel (Fig. 4.8). After the start of the test and until its end,
the excess pressure in the furnace was 10 PA. During the test, the test specimen was subjected
to thermal action, and the time from the beginning of such action to reach a temperature of 550 °C
from the unheated surface of the steel plate was determined.

0 5 10 15 £, min

O Fig. 4.8 Dependence of temperature in the furnace on the duration of
fire exposure: 1 — curve of standard temperature regime; 2 — real curve of
temperature change in the furnace
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The following technical equipment were used for testing:

— test furnace;

— measuring equipment;

— support structure for samples.

The test furnace and measuring equipment complied with [215].

Support structure — a reinforced concrete slab with one or more square holes 45010 mm
in size for the samples to be tested. The thickness of the supporting structure at the place of
installation of the samples was 60 mm.

The temperature from the unheated surface in 17 minutes of testing reached the critical
temperature for the steel plate (550 °C) (Fig. 4.9).
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O Fig. 4.9 Dependence of temperature on the unheated surface of the steel
plate of sample N1 on the time of fire exposure at different points of temperature
measurement: 1 — thermacouple installed at a distance of 100 mm from the upper

edge of the plate; 2 — thermocouple mounted in the center of the plate;
3 — thermocouple installed at a distance of 100 mm from the lower edge of
the plate; T,, — the average value of the three thermocouples

Achieving a critical temperature (550 °C) from the unheated surface of the control plates and
plates with aged flame retardant coating occurred almost simultaneously. These results coincide
with the manufacturer’s data on the durability of the coating and indicate the adequacy of the
proposed method for determining the durability of fire-retardant coatings of steel structures.

The appearance of the samples after the fire tests is shown in Fig. 4.10.

Subsequently, when determining the thermophysical characteristics of the coating used the
average value of the three thermocouples (Fig. 4.10).

The following are the results of the study on the example of sample N2 1.

After tests on visual inspection of the samples found:
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— fire-retardant substance applied to a steel plate, dimensions 500x500x5 mm with soil
GF-021 (thickness 0.065 mm), has satisfactory adhesive strength;

— exfoliation of the formed coating from the steel plate by area was not observed;

— the average thickness of the swollen layer after the tests was 12 mm (8—16 mm).

O Fig. 4.10 Characteristic appearance of a swollen fire-retardant coating after fire exposure

To determine the characteristics of the fire-retardant ability of coatings of steel structures
using the calculation-experimental method used developed physical (Fig. 4.2) and mathematical
(4.1)-(4.6) models of thermal processes occurring in such a system in tests.

Since the coating under study is reactive, i.e., swellable (with the possibility of increasing the
initial thickness of the coating up to 100 times), so the law of increasing the initial thickness of the
coating during heating is not known.

The question arises as to the thickness to which the obtained coefficients of effective thermal
conductivity and specific volumetric heat capacity of the coating.

It is accepted that the obtained coefficients of effective thermal conductivity and specific
volumetric heat capacity of the coating refer to the initial thickness of the coating. Therefore,
the calculated models of the thermal conductivity process with coatings were also taken with the
thicknesses of coatings that do not change over time.

The obtained data (temperatures from the unheated surface of the steel plate) were used in
solving the inverse problems of thermal conductivity.

As a result of calculations, the thermophysical characteristics of the fire-retardant coating are
determined: the dependence of the thermal conductivity coefficient on temperature (Fig. 4.11)
and the constant value of the specific volumetric heat capacity 1-105 J/m3-°C. The in-
verse problem of thermal conductivity was solved by an extreme method based on the use of
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the iterative Newton-Gauss method of finding the minimum of the function F and the A. Tikhonov
regularization method [205].
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O Fig. 4.11 Dependence of the effective thermal conductivity of the coating on
temperature, found by solving the inverse problem of thermalconductivity

The curve of the obtained dependence of the thermal conductivity of the fire-retardant coating
on temperature can be explained as follows (Fig. 4.11). The value of the thermal conductivity
from the initial temperature to 500 °C decreases linearly, due to swelling of the coating and an in-
crease in thickness tenfold relative to the initial thickness. Linear growth after 500 °C is caused by
an increase in the radial component of the thermal conductivity and its conductive compaonent (due
to shrinkage (sintering) of the coke layer of the coating and partial destruction).

Using the found thermophysical characteristics of the coating by solving a series of direct prob-
lems of thermal conductivity, the dependence of the minimum thickness of the studied coating on
the thickness of the steel plate, the normalized duration of fire and the critical temperature of steel.

As a result of the conducted research it is established that the influence, which corresponds
to 3 years of operation, does not affect the thermophysical characteristics of the studied coating,
and hence the fire-retardant ability [216-2291.

The advantage of the proposed technigue is the ability to determine the parameters of
fire-retardant coatings in much less time than full-time climatic tests in real time. These results
will allow to approach the assessment of fire resistance of steel structures with fire protection
with prolonged use with increased accuracy. The research will be useful for designers, manu-
facturers of fire-retardant substances, because it will allow to calculate such thicknesses of
coatings that would provide a normalized limit of fire resistance of the structure, taking into
account the time of use.
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4.3.2 DETERMINATION OF THE INFLUENCE OF TEMPERATURE REGIMES OF FIRE (ON THE
EXAMPLE OF THE TEMPERATURE REGIME OF HYDROCARBON FIRE)

Steel structures are widely used in the construction of various buildings and structures. Due
to the high strength and density of the metal, the efficiency of joining elements, a high degree of
industrial manufacturing and installation, relatively low weight, gas and water resistance, such
structures provide rapid installation of buildings and structures and accelerate their commissioning.
However, in the event of a fire, the steel quickly loses its strength, which ultimately leads to a loss
of load-bearing capacity until the destruction of the building.

This occurs at a temperature of 350—750 °C, depending on the grade of steel, the reduced thick-
ness of the metal and the load on the structure. In Ukraine at the moment the temperature of 500 °C
is defined as the main critical (design) temperature of steel structures with fire-retardant coatings
and facings according to [233]. Requirements for the limits of fire resistance of building structures
are given in [see Table 1, 234], which indicates that in buildings and structures of I-ll degree of
fire-resistance, the use of unprotected steel structures is not possible. Fire resistance of fire-
retardant steel structures and their elements is normalized and determined by fire resistance tests
at standard fire temperature, which does not always meet modern fire safety requirements for
buildings and structures.

Thus, the analysis of resonant fires that occurred at facilities using metal structures, conduct-
ed in recent years, showed that one of the reasons for the mismatch of the limit of fire resistance
of metal structures and, as a consequence, the collapse of buildings, there is an incorrect determi-
nation of the dependence of the coating thickness on the thickness of the metal structure for the
normalized values of the limit of fire resistance [235]. It is possible to assume that determining the
characteristics of the fire-retardant ability of coatings in those fire modes that correspond to their
real working conditions, would avoid such cases.

To confirm the fire resistance in conditions of more intense exposure than at standard tem-
peratures, a hydrocarbon curve is used, which is determined by the dependence:

T=10801-0.325-¢"" -0.675-e*)+20, (4.13)

where T — the temperature of the gaseous medium near the structure, °C; t — time, min.

Hydrocarbon fire is characterized by a rapid rise in temperature to above the temperature of
a standard (cellulose) fire and is accompanied by the impact of a wave of flame on fire-retardant
coatings on the surface of a metal structure. In such conditions, traditional fire-retardant materials
do not provide the required level of fire-retardant efficiency.

The hydrocarbon fire mode reaches a value of 1100 °C for 5 minutes, which is almost twice the
temperature of a standard fire in the same period of time. It is possible to assume that the physico-
chemical processes occurring in the fire-retardant coating will be different, and the thermophysical
characteristics of this coating under different modes will be different.
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Especially interesting are the tests of fire-retardant compositions according to UL 1709
(Underwriters Laboratory, USA). This standard is the first of the standards in which the hydrocar-
bon combustion regime was presented. UL 1709 determines the stability of fire-retardant coatings
in the temperature regime at which the temperature of 1100 °C is reached in the first 5 minutes
of combustion. This temperature is maintained throughout the test period.

In addition, tests are carried out according to the standard of “direct impact” of the jet flame
(Jet Fire) (Lloyd’s Register), which is also not reflected in domestic regulations.

International Standards ISO 22899-1:2007 and ISO/TR 22893-2 describe a method (similar
to the method described in UL 1709) that gives an idea of the behaviour of fire-retardant materials
and steel structures under the influence of reactive flames. Reactive flame is modelled by the emis-
sion of high pressure combustible gases, liquefied gas and combustible liquid fuel, which increases
the thermal and mechanical loads on fire-retardant materials, increases convective and radiative
heat flux, leading to intense erosion. To create such conditions, this method involves placing the
sample in a hollow chamber with a pipe (Fig. 4.12), through which the gas is released, resulting
in the formation of a fireball. Propane is used as fuel. High erosion rates are formed due to the
high-velocity gas jet passing over the surface of the sample. The jet velocity is about 60—100 m/s.
The average heat flux is about 240 kW/m? [102, 236].

O Fig. 4.12 Testing according to the international standard 1SO 22899-1:2007
and 1S0/CD 22899-2:2009

The main disadvantage of such test methods is the use of rather cumbersome and expensive
equipment, which makes it appropriate to develop more economical and simple test methods. In
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addition, the presented technigues do not guarantee the repeatability of the conditions of the
experiment, as the parameters of high-speed gas flow (speed, temperature) in interaction with the
fire-retardant coating can change significantly and are difficult to control.

According to the above data, testing of fire-retardant coating in the conditions of standard
temperature regime is not a sufficient basis for its use as fire-retardant steel structures of oil and
gas industry facilities. When providing fire protection for such facilities, you should focus on the
real and the most severe situations that may arise during a fire. The development of fire protec-
tion measures should be carried out taking into account the specific fire effects and testing the
effectiveness of fire protection — at different temperatures, depending on the operating conditions
of such coatings.

Therefore, in order to correctly determine the characteristics of the fire-retardant ability
of coatings of steel structures for the temperature curve of hydrocarbon fire, it is necessary to
conduct fire tests of this structure with a certain fire-retardant coating in this fire mode. In this
case, the data obtained during such fire tests (temperature), use to find the thermophysical char-
acteristics of the coating [237, 238].

To do this, the paper proposes to apply the developed calculation and experimental method for
estimating the fire resistance of fire-retardant steel structures [239-241].

The main difficulties in determining the fire-retardant ability of coatings of fire-retardant steel
structures at different fire temperatures include:

—the dependence of the coefficient of swelling of the fire-retardant coating of steel structures
on the rate of heating of the coating, which in turn depends on the mode of fire (level and rate of
temperature change) and the thickness of the structure;

— dependence of thermophysical characteristics of fire-retardant coatings of steel structures
on the rate of heating of the coating for the same reasons;

— conducting tests for fire resistance of steel structures in fire conditions other than stan-
dard (the norms do not provide for such tests, so the manufacturers of coatings do not conduct
such tests);

—in the case of application of calculation methods for determining the fire-retardant ability of
coatings of steel structures, the question arises about the use of thermophysical characteristics of
fire-retardant coatings, which were determined at the standard temperature of the fire.

Fire-retardant treatment of the structure consisted in the application of anti-corrosion primer
GF-021 and fire-retardant on the prepared surface of the steel plate.

To prepare the surface for anti-corrosion coating used methods of abrasive cleaning, washing
with a jet of water under pressure, cleaning from dust with compressed air. The recommended
level of cleaning of the surface of the steel structure is characterized by the fact that when visually
inspected with the naked eye, the prepared surface should be free of oils, grease, dirt, rolled scale,
rust, paint and foreign particles.

The time interval between surface preparation and anti-corrosion coating application did not
exceed 24 hours indoors and 6 hours outdoors.
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All operations on the application of flame retardants were performed in accordance with the
manufacturer’s instructions and in accordance with the instructions given in the Technical Specifi-
cations and in the Safety Data Sheet for the application of swellable systems. No product, with the
exception of inorganic substances, was applied at temperatures below the dew point.

On the surface of the steel plate, before applying the flame retardant was applied a layer of soil
GF-021, 0.065 mm thick. The substance was applied in a mechanized way by an airless spraying
unit (Fig. 4.13) in accordance with the regulations of fire protection works.

O Fig. 4.13 General view of the airless spraying unit

This method is the most used and economical for the application of large thicknesses of
high-viscosity paints, which include reactive coatings.

The equipment consists of a pump, the main parts of which are a tank, electric or pneumatic
motor and a gun equipped with special spray nozzles and an automatic nozzle cleaning system.

The effectiveness of a reactive flame retardant system depends on the characteristics of the
substances used, methods and conditions of their application, as well as on the characteristics
of the system, i.e. the physical parameters characterizing the layer of the system (thickness and
adhesion) for the required fire resistance.

To ensure the performance of the fire-retardant ability of the formed fire-retardant coating, it
is necessary to scrupulously follow several rules of “correct application”, paying special attention
to the condition of applied paints and varnishes, methods of application, environmental conditions
(at the time of application). the thickness of the different layers of the coating, the drying time
of each layer and the characteristics of the upper protective (decorative) layer (if necessary).

Before applying the paint, the entrance control was carried out, which consisted of checking
the integrity of the packaging, the presence of markings and compliance with the expiration date.
Before use, the paint was thoroughly mixed in the factory container using an electric mixer.

Among the variety of fire-retardant substances, a special place is occupied by those that swell
under the action of high temperature, forming a layer of porous coating, which has good thermal
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insulation properties. One such substance is “Amotherm Steel Wh”, manufactured by the Italian
company Amonn Fire S.r.l.

To determine the fire-retardant ability of this coating, fire tests of two steel plates St3 were
planned and carried out, dimensions of which 500x500x5 mm with inflated flame retardant com-
position “Amotherm Steel Wh”, which is water-based.

To measure the thickness of the formed fire-retardant coating, a thickness gauge was used,
which was measured at 9 points (Fig. 4.14), the average thickness was 0.42 mm.
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O Fig. 4.14 Layout of thermocouples and thickness of the coating in the places
of measurement: the first digit — the thickness of the fire-retardant coating with
soil, mm; the second digit — the thickness of the swelling, mm; the third digit —
the location of the thermaocouple

To measure the temperature from the unheated surface of the steel plate, 3 thermocouples
of the THA type (Fig. 4.18) with a wire diameter of 0.5 mm (T1-T3), one thermocouple (T2) in
the center of the sample and two (T1, T3) at a distance of 100 mm from the edges of the plate.
Thermocouple joints are hammered into the metal to a depth of 2 mm and attached with heat-
insulating material.

From the unheated surface the plate was protected by two layers of mulico-silica felt, 20 mm
thick, and a plate of mineral wool, density 75 kg/m® and thickness 50 mm.
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O Fig. 4.15 Layout of thermocouples from the unheated surface of the steel plate

The essence of the test was to create a temperature regime in the furnace, close to the
regime of hydrocarbon fire, during the thermal action on the test sample and determine the time
from the beginning of thermal action to a temperature of 500 °C from the unheated surface of
the steel plate.

The tests were performed at an air temperature of 20.8 °C, relative humidity of 48 % and
pressure of 743 mm Hg.

Tests of samples were carried out in conditions close to the temperature of the hydrocarbon
fire for 15 minutes (Fig. 4.16).
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O Fig. 4.16 Dependence of temperature in the furnace on duration of fire influence:
1 —curve of a temperature mode of a hydrocarbon fire; 2 — temperature curve B ——
during the experiment in the furnace
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As can be seen from Fig. 4.16, the temperature in the furnace at the initial time up to 3 min
differs from the hydrocarbon fire curve, as it is very difficult to ensure a rapid rise in temperature in
the first minutes of the test. After 3 minutes of testing, the actual temperature in the furnace be-
gins to approach the temperature of the hydrocarbon fire and up to 15 minutes reaches 985.9 °C.
The temperature from the unheated surface in this 15-minute test reached a critical temperature
for a steel plate of 500 °C (Fig. 4.17).

O Fig. 4.17 Dependence of temperature from the unheated surface of the steel plate
on the time of fire exposure at different points of temperature measurement:

T1 — thermacouple installed at a distance of 100 mm from the upper edge of the plate;
T2 — thermacouple installed in the center of the plate; T3 — thermocouple installed at
a distance of 100 mm from the lower edge of the plate; T,, — the average value of

the three thermocouples

As can be seen from Fig. 4.17, the nature of the curves of the temperature dependence of
the unheated surface of the steel plate on the time of fire coincides. It is established that the plate
is evenly heated in different parts of the temperature measurement, and the differences in the
observed heating rate are explained by the heterogeneity of the thickness of the fire-retardant
coating (Fig. 4.15).

For thermal calculations took the average value of the three thermocouples installed from the
unheated surface of the steel plate (Fig. 4.17).

After tests at visual inspection of samples it is established (Fig. 4.18):

— investigated fire-retardant substance applied to a steel plate, dimensions 500x500x5 mm
with soil GF-021 (thickness 0.065 mm), has satisfactory adhesive strength;

— exfoliation of the formed coating from the steel plate by area was not observed,;

— the average thickness of the expanded layer after the tests was 10 mm (8—14 mm).
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O Fig. 4.18 General view of “Amotherm Steel Wh” coated steel plate after testing

Comparing the heating time of the steel plate with the studied fire-retardant coating under the
fire of hydrocarbon and standard fire, it follows that at a coating thickness of 0.42 mm, the time
during which a 5 mm thick steel plate is heated to a critical temperature of 500 °C at standard
temperature 1.9 times higher than the temperature of the hydrocarbon fire (Fig. 4.19) [240].

From Fig. 4.19 it follows that the steel plate, and therefore the steel structure, in harsher
fire conditions will heat up faster, and therefore the thickness of the fire-retardant coating to
ensure the normalized limit of fire resistance should be greater. This indicates differences in the
values of the limit of fire resistance of steel structures when used on objects of different func-
tional purpose [241-244].
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O Fig. 4.19 Dependence of temperature on an unheated surface of a steel plate
on time of fire influence at various temperature modes of fire: 1 — standard fire;
2 — hydrocarbon fire
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Based on the obtained data (temperature of the unheated surface of the steel plate), solving
the inverse thermal conductivity problem, calculated the thermophysical characteristics of the
fire-retardant coating: the dependence of the thermal conductivity on temperature (Fig. 4.20) and
the constant value of specific heat. The inverse problem of thermal conductivity is solved by the
extreme method based on the use of the iterative Newton-Gauss method of finding the minimum of
the function F and the A. Tikhonov regularization method [205].
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O Fig. 4.20 Dependence of the effective coefficient of thermal conductivity of the
investigated fire-retardant coating on the temperature found by solving the inverse
problems of thermal conductivity

As can be seen from Fig. 4.20, in the temperature range from the initial temperature to 400 °C
the value of the thermal conductivity of the studied coating decreases, which can be explained by
swelling of the coating and increasing its porosity and passes through a minimum value of approxi-
mately 0.01 W/m-°C (at 400 °C to 1000 °C). The increase in the coefficient of thermal conductivity
in the temperature range after 1000 °C is due to the appearance of the radiation component in the
pores of the coating in combination with its high-temperature shrinkage and charring.

The constant value of the specific volumetric heat capacity was C,=6-104 J/m®°C. The great-
est convergence of experimental and calculated temperatures was observed, and the criterion of
standard deviation was 12.5 °C.

It is assumed that the obtained effective coefficient of thermal conductivity (Fig. 4.20) and the
specific volumetric heat capacity of the coating refers to the initial thickness of the coating, so the
calculated models of the thermal conductivity process were also taken with the coating thickness
constant over time. Based on the obtained thermophysical characteristics of the coating, using
previously developed models [240] determined the dependence of the thickness of the investigated
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fire-retardant coating on the thickness of the steel plate when tested in temperatures close to
hydrocarbon fire.

Using the developed mathematical model of thermal state in the system “fire-retardant coating—
steel plate” and data on thermophysical characteristics of fire-retardant coating [233], by solving
a series of direct problems of thermal conductivity determined the dependence of minimum coating
thickness on steel plate thickness C and the normalized duration of fire 30 minutes (Fig. 4.21).
Direct problems of thermal conductivity were solved by the numerical method of finite differences.
The number of nodes was 25 in spatial coordinates, a time step of 30 s.
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O Fig. 4.21 Dependence of the minimum thickness of the investigated fire-retardant
coating (3,) on the thickness of the steel plate (8) for the critical steel temperature
of 500 °C and the normalized duration of fire exposure of 30 minutes:

1 — at the temperature of hydrocarbon fire; 2 — at standard fire temperature

Comparing the dependences shown in Fig. 4.21, it can be concluded that the values of the
minimum thickness of the flame retardant coating for fire exposure in the temperature regime of
the hydrocarbon fire is 2 times greater than for the standard temperature regime. This indicates
the need to assess the fire-retardant effectiveness of coatings of steel structures, taking into ac-
count the specific fire regimes that meet the operating conditions of the buildings and structures.

CONCLUSIONS ON SECTION 4

1. Physical and mathematical models for assessing the fire resistance of fire-retardant steel
structures have been developed. An algorithm is used, which includes experimental and computa-
tional procedures in determining the fire resistance of fire-resistant steel structures. The initial and
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boundary conditions for the construction of these models are formulated, which allow to predict
the fire resistance of the fire-retardant steel structure with sufficient accuracy for engineering
calculations. The peculiarity of the developed models is taking into account the thermophysical
characteristics of steel structures and fire-retardant coatings, as well as taking into account the
peculiarities of the formation of fire regimes.

2. Based on the offered physical and mathematical models the calculation-experimental method
of estimation of fire resistance of fire-protected steel designs is developed. The method is based on
the use of samples of reduced size, which facilitates the procedure of determining the normalized
values of the limit of fire resistance. The structural-logical scheme of realization of the developed
method provides 9 blocks located in 5 levels connected by logical connections and includes ex-
perimental and computational parts. The experimental part of the method involves the study of
the temperature of fire-retardant steel plates under fire conditions for specified fire conditions
(standard, external, hydrocarbon, tunnel, real fire) and taking into account climatic factors on the
coating. Calculation part — construction of mathematical, physical, geometric, computer models of
processes occurring in the studied fire-retardant steel structure, identification of thermophysical
characteristics of fire-retardant coating (coefficient of thermal conductivity, specific volumetric
heat capacity) by solving inverse problems of thermal conductivity the ability of fire-retardant
coating by solving direct problems of thermal conductivity.

3. The efficiency of the developed computational-experimental method for assessing the fire
resistance of fire-resistant steel structures by using samples of reduced size 500x500x5 mm,
covered on one side with reactive flame retardant “Phoenix STS” with an average thickness
of 0.31 mm in standard temperature conditions fires after the impact on the formed coating of cli-
matic factors corresponding to the service life of the coating 3 years. It is established that the val-
ues of the coefficient of thermal conductivity of the reactive flame retardant coating “Phoenix STS”,
identified after the influence of these climatic factars, are like the values of this coefficient without
influence. In general, the efficiency of the proposed calculation and experimental method for as-
sessing the fire resistance of fire-resistant steel structures is confirmed.

4. Approbation of the developed calculation-experimental method at estimation of fire resis-
tance of fire-resistant similar steel plates covered on the one hand with reactive fire-retardant
coating on water basis “Amotherm Steel Wh” in the conditions of heating in the fire furnace at
a hydrocarbon fire temperature is carried out. The effective coefficient of thermal conductivity and
the specific volumetric heat capacity (6-104 J/m?-°C) of the investigated fire-retardant coating at
the temperature regime of hydrocarbon fire were found. It is established that in the temperature
range from the initial temperature to 400 °C the value of the thermal conductivity coefficient of
the fire-retardant coating decreases, which is explained by the swelling of the coating and the in-
crease in its porosity. In the future, the value of the thermal conductivity acquires a minimum value
of about 0.01 W/m-°C (at a temperature of 400 °C to 1000 °C). The increase in the coefficient
of thermal conductivity in the temperature range after 1000 °C is due to the appearance of the
radiation component in the pores of the coating in combination with its high-temperature shrinkage
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and charring. The relationship between the thickness of the investigated reactive flame retardant
coating and the thickness of the steel structure is revealed, as well as the necessary calculated
minimum thicknesses of such coating to ensure fire resistance at 30 minutes for hydrocarbon fire
temperature conditions. It is established that in order to achieve such a limit of fire resistance,
the value of the minimum thickness of the investigated fire-retardant coating requires a 2-fold
increase for the fire effect of a hydrocarbon fire in comparison with the conditions of the standard
temperature regime.
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VERIFICATION OF DEVELOPED MATHEMATICAL MODELS
AND CALCULATION-EXPERIMENTAL METHODS

RBSTRACT

The reliability of the developed mathematical model and calculation-experimental method for
estimating the fire resistance of fire-resistant reinforced concrete structures using the meth-
od of computational experiment is verified. It is established that random errors of 10 % when
measuring temperatures from the unheated surface of the fire-retardant floor significantly affect
the accuracy of determining the thermophysical characteristics of the coating (maximum error
up to 30 %). The calculated finite-element model of the system “steel plate — fire-retardant
coating” for modelling non-stationary heating of such a system in the ANSYS software package
has been developed. Using this model, calculations of the thermal state of the steel plate with
a minimum thickness of the fire-retardant coating of 0.248 mm were performed. An installa-
tion for determining the adhesive strength of fire-retardant coatings for the protection of steel
structures has been developed. The reliability and operability of the proposed installation were
tested on the example of the study of the adhesive strength of three fire-retardant coatings.
It was found that all coatings have high adhesion to the steel surface (more than 3 MPa/cm?).

KEYWORDS

Reliability, mathematical model, sensitivity analysis, perturbation, finite element model, ANSYS
software package, error, adhesive strengths.

51 VERIFICATION OF THE RELIABILITY OF THE DEVELOPED MATHEMATICAL MODEL AND
METHOD FOR ASSESSING THE FIRE RESISTANCE OF FIRE-RETARDANT REINFORCED
CONCRETE STRUCTURES

The reliability of the calculation of the thermal regime of reinforced concrete structures, both
with fire-retardant coatings and without them, is largely determined by the accuracy of parameters
of the mathematical model, which ensures its adequacy to real heat transfer processes in fire
resistance tests.

Among the parameters of the model, it is necessary to identify those that are unknown or
insufficiently known and most affect the calculated values of temperatures of the selected math-
ematical model.

The process of determining the degree of influence of the model parameters on the initial result
(in our case the temperature) is called sensitivity analysis.
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The ratio of the standard deviation of temperatures to the relative value of the change in the
analyzed parameter of the model P, is chosen as the sensitivity coefficient (5.1).

F
AP/P’

F= (5.1)

where F — root mean square deviation of temperature over time; AP, — the magnitude of the
deviation of the i-th parameter relative to its value P.

The method of sensitivity analysis consists in sequential perturbation of model parameters,
identification of thermophysical characteristics and solution of a series of direct problems of ther-
mal conductivity to obtain values of standard deviation of temperature in time and direct calculation
of sensitivity coefficients F (Tahle 5.1).

@ Table 5.1. Sensitivity of temperatures at the measuring points to the parameters of the model of
thermal conductivity of fire-retardant plaster-coated reinforced concrete structure (on the example of
multi-hollow reinforced concrete floor)

N2 Parameter name F; value

1 Thermal conductivity coefficient A of plaster coating 472

2  Specific volumetric heat capacity of concrete C, of layers 1, 3, 5 of overlapping 2.7

3 Specific volumetric heat capacity of concrete C, of layer 2 1.94

4 Coefficient of thermal conductivity of concrete A of layers 1, 3, 5 of overlapping 0.26

9 Heat transfer coefficient o, from the concrete non-heated surface of the reinforced 0.22
concrete structure

6  Coefficient of thermal conductivity A of layer 2 0.2

7 Specific volumetric heat capacity of plaster coating C, 0

8 Degree of blackness of concrete 0

9 Heat transfer coefficient o, from hot gases to the heating surface 0

Tahle 5.1 presents, in descending order, the quantitative effect of different parameters of the
mathematical model on the temperature in the fire-retardant reinforced concrete structure at the
measurement points. It is established that the following parameters of the model have the greatest
influence: the coefficient of thermal conductivity A of plaster coating and the specific volume heat
capacity of concrete C, layers 1, 3, 5. These results allowed us to determine the list of parameters
of the mathematical model that must be calculated using inverse thermal conductivity problems
according to fire resistance tests with sufficient accuracy (198, 213].

An important aspect in the study of fire resistance of fire-retardant reinforced concrete build-
ing structures is to determine the thermophysical characteristics of fire-retardant coatings, as
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well as the correctness and accuracy of these characteristics, taking into account possible errors
in measuring temperatures from unheated surface of fire-retardant reinforced concrete struc-
tures. Failure to take into account or neglect possible errors in temperature measurement can lead
to inaccurate determination of thermophysical characteristics of coatings, and subsequently — to
incorrect determination of fire resistance of fire-retardant reinforced concrete structures, which
will negatively affect the main indicators of fire statistics [245].

When testing the fire resistance, there are measurement errors, which are taken into account in
the computational experiment by introducing into the values of temperatures obtained by 5 thermo-
couples (Fig. 5.1, b), random errors corresponding to the level of real measurement errors.

QO Fig. 5.1 Fire-resistant multi-hollow reinforced concrete floor: a — general view
before the test; b — layout of thermocouples
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A computational experiment simulating a fire resistance test was performed, as a result
of which the calculated values of temperatures from the unheated surface of the fire-resistant
multi-hollow reinforced concrete floor were obtained (Fig. 9.2). A study of the influence of errors
in measuring the temperature of the unheated surface of reinforced concrete multi-hollow floor
on the accuracy of determining the thermophysical characteristics of the plaster coating [245].
Random errors of 10 % in the measurement of temperatures from the unheated floor surface
using a random number generator were introduced.

t, °C
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O Fig. 5.2 Accurate and perturbed up to 10 % of temperature values from
the unheated surface of the fire-retardant reinforced concrete floor:
1 — exact curve; 2 — curve perturbed by 10 %

Next, the thermophysical characteristics of the stidied plaster coating were found on the
temperatures perturbed by 10 % from the unheated surface of the fire-retardant floor, by solving
the inverse problems of thermal conductivity (Fig. 5.3).

As can be seen from Fig. 5.3, random errors in measuring temperatures from the unheated
surface of fire-retardant reinforced concrete floors, affect the accuracy of determining the ther-
mophysical characteristics of the coating under study (maximum error up to 30 %) [220].

It can be assumed that such deviations are due to the design of multi-hollow slabs in com-
bination with the peculiarities of mass transfer of moisture (natural and chemically bound) at
high temperatures.

Along with the main parameters (coefficient of thermal conductivity A of plaster coating and
specific volumetric heat capacity of concrete Cy layers 1, 3, 5, which affect the accuracy of deter-
mining the thermophysical characteristics and fire-retardant capacity of the coating (Tahle 5.1), is
the heat transfer coefficient o, from concrete unheated surface of the floor slab.
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O Fig. 5.3 Dependence of the effective coefficient of thermal conductivity

of the investigated plaster coating on temperature: 1 — exact coefficients;

2 — coefficients obtained by solving the inverse problems of thermal conductivity
at perturbed temperatures by 10 %

The developed one-dimensional physical model of the thermal state of the reinforced concrete
floor with a breakdown of the slab into 6 layers was applied (Fig. 5.4).
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O Fig. 5.4 Scheme of multi-hollow reinforced concrete floor in
one-dimensional formulation: 1 — a layer of solid concrete between
the unheated surface and the layer with floor cavities; 2 — layer

with voids; 3 — a layer of solid concrete between the cavities and
reinforcement; 4 — armature layer; 5 — a layer of solid concrete from
the reinforcement to the heated surface; 6 — plaster coating
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The mathematical model of the thermal conductivity process in such a six-layer system in the
Cartesian coordinate system, which describes the physical model discussed above (Fig. 5.4), is
a one-dimensional equation of thermal conductivity with a combination of radiant heat transfer and
boundary conditions of the third kind on the heated surface, and boundary conditions of the third
kind from the unheated surface, taking into account the ambient temperature [221].

The system of equations of the mathematical model was solved numerically by the method of
finite differences by solving the inverse praoblems of thermal conductivity according to fire resis-
tance tests, with heat transfer coefficient o.,, which was set within 3—7 W/(m?-°C), and depending
on from the temperature. As a result of the study, the dependences of the effective thermal
conductivity of the plaster coating on the temperature found by solving the inverse problems of
thermal conductivity according to fire resistance tests (Fig. 5.5).
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QO Fig. 5.5 Dependence of the effective coefficient of thermal conductivity of the plaster
coating on the temperature found by solving the inverse problems of thermal conductivity
according to the data on fire resistance tests: 1 — at o, which depends on the —_
temperature; 2 — o =23 W/(m°C); 3 — ote=4 W/(m*-°C); 4 — 0t,e="5 W/(m?-°C);

5 — 0,;2=6 W/(m?°C); 6 — 0te=7 W/(m*°C)

As can be seen from Fig. 5.5, with increasing heat transfer coefficient from the unheated
surface of the coated reinforced concrete floor, the error in determining the thermal conductivity
increases and is 25 % (for o,,=7 W/(m?°C)). It is established that this coefficient needs special
attention, and the most correct way is to set it as a function of temperature (Fig. 9.9, curve 1).
The values of this parameter are decisive in influencing the fire resistance of the studied fire-retar-
dant multi-hollow reinforced concrete floors, and hence the recommendations for the accuracy of
determining both thermophysical characteristics and subsequent characteristics of fire-retardant
capacity of fire-retardant coatings, fire-retardant reinforced concrete structures [220].
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Thus, this section investigates the effect of errors in measuring temperatures from the un-
heated surface of fire-retardant reinforced concrete structure (for example, multi-hollow rein-
forced concrete floor) on the error of determining the thermophysical characteristics of the stud-
ied plaster coating and found that random errors of 10 % when measuring temperatures from the
unheated surface of the fire-retardant floor, significantly affect the accuracy of determining the
thermophysical characteristics of the coating (maximum error up to 30 %).

It is established that when assessing the fire resistance of fire-retardant multi-hollow rein-
forced concrete floors, the heat transfer coefficient between the unheated floor surface and the
environment affects the accuracy of determining the thermophysical characteristics of fire-retar-
dant coating, so it must be set depending on temperature.

The peculiarities of the influence of fire temperature regimes on the characteristics of fire-re-
tardant ability of coatings of fire-retardant reinforced concrete structures are also revealed.

Attention is paid to the study of the efficiency of the proposed calculation and experimental
method in conditions of fire temperatures other than standard and arbitrary values of the thickness
of the fire-retardant coating at a given thickness of the protective layer of concrete floor. For
this purpose, several thermal conductivity test problems were solved according to the data of a
computational experiment, i.e. solving a number of direct thermal conductivity problems with given
thermophysical characteristics of concrete and fire-retardant coating on the example of multi-hol-
low reinforced concrete floor — structure, which has the most complex structure (the presence of
voids) and, accordingly, the most complex procedure for calculating non-stationary heating of the
fire-retardant structure.

The solution scheme was chosen as close as possible to the tests for fire resistance of
multi-hollow reinforced concrete floors. For the computational experiment, multi-hollow reinforced
concrete floors of PC 48-12-8t with dimensions of 4780x1130 mm, thickness 220 mm and
fire-retardant coating “Endotherm 210104” with an average thickness of 37 mm were selected.
The heat transfer coefficient on the heated surface was assumed to be 25 W/(m2-°C), the heat
transfer coefficient between the unheated floor surface and the ambient air o, was assumed to
depend on the temperature according to the law of free convective heat transfer from the hori-
zontal surface, the degree of blackness of concrete was taken equal to 0.7. The thermophysical
characteristics of concrete of layers 1, 3 and 5 were determined from [145], and the thermo-
physical characteristics of layer 2 (layer of voids with concrete bridges) were sought by solving the
inverse problems of thermal conductivity. The thermophysical characteristics of the coating were
set [195]: the coefficient of thermal conductivity, which depends on the temperature (Fig. 5.6),
the specific volumetric heat capacity is constant and equal to 1.01-106 J/(m3-°C).

In test problems with the help of mathematical and computer models, given thermophysical
characteristics and boundary conditions by solving direct problems of thermal conductivity, ob-
tained non-stationary temperature distribution in fire-resistant multi-hollow reinforced concrete
floor first at standard temperature, and then in the mode of the tunnel curve according to the
standards of the Netherlands (RWS) and the hydrocarbon curve (Fig. 5.7). When solving a series

117



FIRE RESISTANCE OF REINFORCED CONCRETE AND STEEL STRUCTURES:

of direct problems of thermal conductivity, we used the limit state of the fire resistance structure
to reach a critical temperature of 500 °C with reinforcement from the fire side at the specified
load level in the test.
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O Fig. 5.6 Dependence of the effective coefficient of thermal
conductivity of plaster coating on the temperature found by solving
the inverse problems of thermal conductivity according to fire
resistance tests
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O Fig. 5.7 Dependence of temperature change on the duration
of fire exposure in different fire modes, where: 1 — standard
temperature curve according to ISO 834 and GOST 30247.0-94; ——
2 — hydrocarbon curve according to EN 1363-2:1999; 3 — tunnel

curve according to Netherland’s standards (RWS)

By solving a series of direct problems of thermal conductivity, based on the developed mathematical
model of the thermal state of reinforced concrete floors, the thicknesses of fire-retardant plaster
for the normalized limit of fire resistance of the floor 180 minutes (Table 5.2).
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@ Tahle 5.2. Values of the minimum thickness of the investigated plaster coating to ensure the normalized
limit of fire resistance of the floor 180 minutes

Thickness of the Minimum thickness of fire-retardant coating, mm

protective layer of Tunnel fi .
concrete of multi- unnel fire regime
hollow reinforced ::::: ard temperature Hydrocarhon fire mode according to Dutch
concrete floor, mm standards (RWS)
10 15.5 17.3 20

30 10.98 12.7 15.1

40 8.85 10.55 12.7

60 4.73 6.3 8.1

It was assumed that to solve direct problems of thermal conductivity to determine the char-
acteristics of the fire-retardant capacity of the coating in hydrocarbon fire and tunnel fire accord-
ing to Dutch standards (RWS), the thermophysical characteristics of fire-retardant coatings fire
resistance of multi-hollow reinforced concrete floors according to the standard temperature of
the fire. The dependence of the thickness of the investigated fire-retardant coating at the thick-
ness of the protective layer of concrete 10-60 mm to ensure the normalized limit of fire resistance
of the floor in 180 minutes is shown in Fig. 5.8.
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O Fig. 5.8 Characteristics of fire-retardant ability of the investigated
plaster coating according to the criterion of reaching the critical
temperature of reinforcement (500 °C) for the limit of fire resistance __|

of 180 minutes: 1 — for standard temperature regime; 2 — for the
hydrocarbon fire mode; 3 — for tunnel fire mode according to Dutch
standards (RWS)

As can be seen from Fig. 5.8, the value of the minimum thickness of the investigated fire-re-
tardant coating, which provides a normalized limit of fire resistance of fire-retardant multi-hollow
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reinforced concrete floor, and calculated for the standard temperature of the fire, much less than
the value for other temperatures. As a result, it was found that the difference between the values
of the minimum required thickness of the investigated fire-retardant coating for the standard
temperature regime and the temperature regime of the hydrocarbon fire is about 12 %, and the
difference between the values of the required thickness of the investigated fire-retardant coating
for the standard temperature regime and the temperature regime according to the standards of
the Netherlands (RWS) — 29 %.

The influence of fire temperature regimes on the characteristics of fire-retardant ability of the
investigated fire-retardant coating to ensure the normalized limit of fire resistance of fire-retar-
dant multi-hollow reinforced concrete floor is determined. It was found that the required values
of the minimum thickness of the coating vary from 8.1 to 20 mm for the temperature of the fire
according to Dutch standards (RWS), and for the standard temperature — from 4.73 to 15.5 mm.

The reliability of the developed method for assessing the fire resistance of fire-retardant reinforced
concrete structures was verified by computer simulation in the software package ANSYS R17.1.
The calculation of non-stationary thermal heating of a reinforced concrete multi-hollow slab was
performed, the results of which are presented in Fig. 5.9.

1000,00 (mrn)

250,00 750,00

O Fig. 5.9 Temperature distribution in a multi-hollow floor slab during
modelling in the ANSYS R17.1 software package

To evaluate the results of computer simulation of the thermal state of the reinforced concrete
slab at temperatures corresponding to the standard temperature of the fire, a comparison of the
results of experimental studies at the control points of temperature measurement (Fig. 5.10).
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O Fig. 5.10 Dependence of temperature on the time of fire exposure from the
unheated surface of a multi-hollow reinforced concrete floor in different places of
temperature measurement: 1 — temperatures found during the fire resistance test;
2 — when modelling in the software package ANSYS R17.1

As can be seen from Fig. 5.10, the results of experimental studies and numerical analysis in
the software package ANSYS (Fig. 5.10) for the first 15 minutes differ significantly for all control
points, but later this discrepancy stabilizes, and by the end of the experiment does not exceed 10 %,
which can be considered acceptable.

Thus, the developed calculation and experimental method for assessing the fire resistance
of fire-retardant reinforced concrete structures, allows with sufficient accuracy for engineering
calculations (up to 10 %) to assess the fire resistance of reinforced concrete structures covered
with fire-retardant coatings. The proposed method allows to take into account the design features
of reinforced concrete structures, temperature regimes of fires in which structures are test-
ed, thermophysical characteristics of concrete, reinforced concrete structures, thermophysical
characteristics of fire-retardant coatings, minimum thickness of fire-retardant coating to ensure
normalized values.

5.2 VERIFICATION OF THE RELIABILITY OF THE DEVELOPED MATHEMATICAL MODEL AND
CALCULATION-EXPERIMENTAL METHOD FOR ESTIMATING THE FIRE RESISTANCE OF
FIRE-RETARDANT STEEL STRUCTURES

To verify the reliability of the developed calculation and experimental method for assessing the
fire resistance of fire-retardant steel structures, the analysis of fire resistance tests of fire-retar-
dant steel columns of I-heam cross section with subsequent simulation of the thermal state of col-
umns in ANSYS software. Based on the comparison of experimental and calculated data, a conclu-
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sion was made about the adequacy of the developed method and the allowable areas of deviation in
the assessment of fire resistance of fire-retardant steel structures using this method [241, 228].

Two steel columns of I-beam section NEB 200 (thickness 6.1 mm), 2 m high were tested.
The columns were treated with “Amotherm Steel Wh” fire retardant substance after preliminary
application of GF-021 primer. Three thermocouples were placed on each sample.

The fire 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 hu-
midity of 54 %. The average thickness of the coating of fire-retardant “Amotherm Steel Wh”
was (dry state without coat) was 2.928 mm on sample N2 1 and 2.925 mm on sample N2 2.

The temperature regime in the furnace was reproduced according to the standard tempera-
ture regime of the fire (Fig. 5.11).

0 20 40 60 80 100 t, min

O Fig. 5.11 Dependence of temperature in the furnace on duration of fire influence:
1 — curve of standard temperature mode; 2 — real curve of temperature change 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 at tests

The dependence of the average temperatures of the samples of steel columns with the stud-
ied fire-retardant coating on the time of fire exposure to the standard temperature of the fire is
shown in Fig. 5.12.

Shown in Fig. 5.12 temperature dependences were compared with the results of computer
simulation of non-stationary heating of a steel column with a fire-retardant coating, performed using
the software ANSYS R17.1. For comparison, we used the dependences of the average tempera-
tures of the column N2 2 (Fig. 5.12, curve 2), which warmed up the most as a result of the test.

Thermophysical characteristics of the studied fire-retardant coating for use in calculations of
non-stationary heating of fire-retardant steel column were determined in [225]: coefficient of ther-
mal conductivity (Fig. 5.13) and constant value of specific volumetric heat capacity 1-105 J/m3-°C.
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O Fig. 5.12 Dependence of average temperatures of samples of steel columns with
fire-retardant coating “Amotherm Steel Wh” on the time of fire exposure to the —
standard temperature of the fire: 1 — sample column N2 1; 2 — sample column N2 2
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O Fig. 5.13 Dependence of the effective thermal conductivity of the coating
“Amotherm Steel Wh” on the temperature found by solving the inverse problems
of thermal conductivity

The geometric dimensions of the column for modelling its thermal state are shown in Fig. 5.14
and in Tahle 5.3.

The computer model of the thermal state of the studied 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
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fire-retardant coating of appropriate thickness. This model allows you to calculate the temperature
distribution at all spatial points of the layers over time and at the location of thermocouples not only
on the standard temperature of the fire, but also on other alternative fire modes.

O Fig. 5.14 Steel column: a — general view; b — geometric dimensions

@ Table 5.3 Geometric dimensions of the steel column NEV 200 for modelling its non-stationary heating in
the software environment ANSYS R17.1

Nominal weight Dimensions, mm Cross-sec- Dimensions for detailing, mm

1'm, kg/m b b 5 . . Eirl;r;al area A, I 4 ) e | 6
61.3 200 200 9 15 18 7841 170 134 M27 100 100

Therefore, it is proposed to verify the reliability 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
covered on one side with a fire-retardant substance (Fig. 5.15).

The reliability of any calculation largely depends on the accuracy of setting the parameters
of the model that ensure its adequacy to the real processes of heat transfer in fire resistance
tests. Among the parameters of the model, it is necessary to identify those that are unknown
or insufficiently known and have the greatest impact on the calculated values of temperatures of
the selected model. Such parameters for fire-retardant steel structures include the coefficient of
thermal conductivity and the specific volumetric heat capacity of the coating under study.

When conducting a real experiment, there are measurement errors, which are taken into
account in the computational experiment by introducing into the temperature values of artificial
errors of a random nature, corresponding to the level of real measurement errors. The inverse
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problems of thermal conductivity are solved both on “accurate” temperature values (excluding er-
rors of experimental measurements) and on “perturbed” temperature values to show the influence
of random components of measurement errors on the accuracy of model parameters. Influence
of systematic components of measurement errors — the issue is difficult in the practice of real
measurements, their consideration is also possible in computational experiment and analysis of
identified parameters, but in this paper this issue was not considered.

1 2
T
B O(“nz’ITm
a,l, 5 I
&l 21 Heating
ik -
O Fig. 5.15 Physical model of fire-retardant steel column: 1 — steel structure;

2 — fire-retardant coating

The identification of parameters means a procedure that shows, firstly, the fundamental pos-
sibility of finding the parameters by solving the inverse problems of thermal conductivity, and
secondly, if they are, then with what error. The inverse problems ensure the finding of such values
of the model parameters, which give the proximity of experimental and calculated values of tem-
peratures at the measuring points of the studied fire-resistant steel structures. The analysis of
the identified model parameters is usually performed by solving test problems in which the values
of temperatures at the predicted measurement points are determined from a computational exper-
iment (calculation of temperatures at given model parameters, solving direct problems).

In test tasks with the help of the model, given thermophysical characteristics and boundary
conditions by solving direct problems of thermal conductivity, non-stationary temperature distribu-
tion in a steel structure with T(t) coating is obtained. Then the points of the obtained dependence
are perturbed, simulating errors in temperature measurement, and these dependences T(t)+&
determine the thermophysical characteristics and boundary conditions, which are then compared
with the specified ones. This makes it possible to study the algorithm for determining the thermo-
physical characteristics and boundary conditions with the required accuracy, as well as to establish
the required number of samples to determine the parameters of the model and the dependence of
coating thickness on the thickness of steel structure.

In this section, a study of the effect of errors of 10 and 20 % in measuring the temperature
from the unheated surface of the fire-retardant steel structure on the accuracy of determin-
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ing the thermophysical characteristics of the coating under study [241, 228]. Random errors
of 10 and 20 % in the measurement of temperatures from the unheated surface of the fire-re-
tardant steel structure using a random number generator were introduced (Fig. 5.16, 5.17).
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O Fig. 5.16 Accurate and perturbed up to 10 % of temperature values from
the unheated surface of the fire-retardant steel structure: 1 — exact curve;
2 — perturbed by 10 % curve
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QO Fig. 5.17 Accurate and perturbed up to 20 % of temperature values from

the unheated surface of the fire-retardant steel structure: 1 — exact curve;

2 — perturbed by 20 % curve

The obtained perturbed values of temperatures by 10 % were used in finding the thermo-
physical characteristics of the fire-retardant coating under study, solving the inverse problems of
thermal conductivity (Fig. 5.18).

126



5 VERIFICATION OF DEVELOPED MATHEMATICAL MODELS AND CALCULATION-EXPERIMENTAL METHODS

A, Wim-=C)

0.16

0 200 400 600 800 6,°C

O Fig. 5.18 Dependence of the effective coefficient of thermal conductivity

of fire-retardant coating on temperature, where: 1 — exact coefficients; _
2 — coefficients obtained by solving the inverse problems of thermal conductivity

at perturbed temperatures by 10 %

The criterion of standard deviation when searching for the coefficient of thermal conductivity
of the fire-retardant coating of a well-known Italian company for temperatures disturbed by 10 %
was 18.6 °C. The exact and calculated temperatures from the unheated surface of the fire-retar-
dant steel structure are shown in Fig. 5.19.
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QO Fig. 5.19 Experimental and calculated values of temperatures from the unheated
surface of the fire-retardant steel structure during their perturbation by 10 %: —
1 — experimental curve; 2 — calculated curve
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The obtained perturbed values of temperatures by 20 % were used in finding the thermo-
physical characteristics of the fire-retardant coating under study, solving the inverse problems of
thermal conductivity (Fig. 5.20).

The criterion of standard deviation in the search for the coefficient of thermal conductivity of
the fire-retardant coating of a well-known Italian company for perturbed temperatures of 20 %
was 37.03 °C. Exact and calculated temperatures from the unheated surface of the fire-retardant
steel structure are shown in Fig. 5.21.
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O Fig. 5.20 Dependence of effective coefficient of thermal conductivity of fire-
retardant coating on temperature, where: 1 — exact coefficients; 2 — coefficients
obtained by solving the inverse prablems of thermal conductivity at perturbed
temperatures by 20 %
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O Fig. 5.21 Experimental and calculated values of temperatures from the
unheated surface of the fire-retardant steel structure during perturbation
by 20 %: 1 — exact curve; 2 — calculated curve
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Thus, the study found that random errors in measuring temperatures of 10 and 20 % of
the unheated surface of the fire-retardant steel structure significantly affect the accuracy of
determining the thermophysical characteristics of the coating to protect steel structures. This
indicates the need to take them into account when designing buildings and structures. Inaccuracy in
measuring temperatures from the unheated surface of the fire-retardant steel structure in 10 %
leads to an error in determining the thermophysical characteristics of the coating in 17 %, and
in 20 % - to errors in 34 %. Based on the developed model, the thermophysical characteristics
of the coating were determined according to the readings of one thermocouple in the appropriate
location (T1, T2, T3) [225] (Fig. 5.22).
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O Fig. 5.22 Dependence of the effective coefficient of thermal conductivity

of the investigated coating on the temperature found by solving the inverse
prablems of thermal conductivity: T1 — by thermocouple located at a distance of
100 mm from the upper edge of the fire-retardant plate; T2 — according to the
thermocouple located in the center of the fireproof plate; T3 — according to the
thermocouple located at a distance of 100 mm from the lower edge of the flame
retardant plate

As can be seen from Fig. 5.22, the values of the effective thermal conductivity of the coating
in the temperature range from 20 to 500 °C are very different, due to two factors: heterogeneity
of heat flux affecting the steel structure, and heterogeneity of coating thickness in different places
of temperature measurement. This indicates the impossibility of determining the thermophysical
characteristics of the coating only based on one thermocouple, due to large errors in the value of
the effective thermal conductivity, which leads to errors in determining the fire-retardant capacity
of the studied coating.

Therefore, further research was aimed at determining the thermophysical characteristics of
the coating by the values of two thermocouples in different combinations: T1-T2, T2-T3, T1-T3.
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As a result, the dependences of the effective thermal conductivity of the studied coating on the
temperature for these combinations were obtained (Fig. 5.23).
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O Fig. 5.23 Dependence of the effective thermal conductivity of the coating
on the temperature found by solving the inverse problems of thermal conductivity
on the indicators of two thermocouples in different combinations

As can be seen from Fig. 5.23, the curve of the effective thermal conductivity of the coating
found by solving the inverse problems of thermal conductivity on the indicators of two thermo-
couples T2—T3 and T1-T3 are almost the same, and on the indicators of thermocouples T2—T1 dif-
fers from initial temperature to 100 °C, which could be explained by intense heating the upper part
of the steel plate due to the effect of “sliding” of the coating during the test and the appearance
of the bare surface of the steel plate [270].

In Fig. 5.24 presents the calculated and experimental temperatures from the unheated sur-
face of the fire-retardant structure. There is a satisfactory coincidence of temperature values, for
which the standard deviation criterion was: for T2-T3 — 6.3 °C, T1-T3 — 6.7 °C, T2-T1 - 14.3 °C.

The maximum discrepancy between the calculated and experimental values of temperature
(Fig. 5.24, a) was about 3 %, and in Fig. 5.24, b — 8 %.

Therefore, in the future to determine the thermophysical characteristics of the coating used
indicators of three thermocouples installed from the unheated surface of the fire-retardant steel
structure (Fig. 5.25).

As can be seen from Fig. 5.25, in the temperature range from the initial temperature of about
500 °C the value of the thermal conductivity of the coating decreases linearly and passes through
the minimum value of 0.003 W/m-°C (at 500 °C), which can be explained by physicochemical pro-
cesses in the coating: swelling of the coating and increase its porosity.

The increase in the thermal conductivity in the temperature range from 500 °C to 800 °C is
due to the appearance of the radiation component in the pores of the coating in combination with
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its high-temperature shrinkage and charring. The constant value of the specific volumetric heat
capacity was C,=1-105 J/m*-°C.
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O Fig. 5.24 Dependence of temperature on the time of fire exposure from
the unheated surface of the coated sample: a — for combinations of thermo-
couples T2-T3 and T1-T3; b — for combinations of thermocouples T2-T1;

1 — experimental curve; 2 — calculated curve

The greatest convergence of experimental and calculated temperatures was observed, and the
criterion of standard deviation was 5.8 °C.

A further increase in the number of thermocouples installed from the unheated surface of the
steel plate did not lead to a decrease in the root mean square deviation criterion.

To verify the reliability of the developed method, a calculated finite-element model of the sys-
tem “steel plate — fire-retardant coating” was developed for modelling non-stationary heating
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of such a system in the software package ANSYS. The obtained calculated data (temperature
from unheated surface of fire-resistant steel structure) were also compared with the results of
experimental study of heating of such structures during tests in fire furnace both at standard fire
temperature and at hydrocarbon fire temperature [240, 223].
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0.1
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QO Fig. 5.25 Dependence of the effective coefficient of thermal conductivity of
the coating on the temperature found by solving the inverse problems of thermal
conductivity, according to the indicators of three thermocouples

Thermophysical characteristics were determined based on the basic model of calculation by the
method of successive iterations to obtain convergence of the calculated and experimental data of
heating of the experimental samples not more than 10 %.

When solving the thermal problem, the dependence of the steel plate temperature on the
time of fire exposure according to the standard temperature of the fire was determined and the
developed mathematical model of the thermal conductivity process in one-dimensional non-linear
formulation was used.

The specific heat capacity of steel ¢, (J/(kg-°C)) and thermal conductivity of steel A, (W/(m-°C))
were set from [233].

The Poisson’s ratio of steel was set v=0.3, the modulus of elasticity of steel— £,=2.1-10° MPa.

The model of the thermal state of the system “steel structure — fire-retardant coating” in case
of fire is non-stationary and considers radiation-convective heat exchange in the gaseous medium
from the heat source (fire) to the surface of the fire-resistant steel structure, heat transfer
structures into the environment from the unheated surface.

Calculations of steel temperature according to this mathematical model were performed using
the numerical method of solving the implicit finite-difference approximation scheme.

The condition of perfect thermal contact was accepted between the joints of the structure
and the fire-retardant coating.
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The computer model was created based on geometric, physical and mathematical models
by generating a computational grid. In Fig. 5.26 shows a fragment of a grid model as part of
a computer model.

O Fig. 5.26 Estimated finite element model of the system “steel structure — fire-retardant coating” —

The grid model (Fig. 5.26) is made with the necessary thickening to consider the peculiarities
of heat transfer in places of large temperature gradients near the surface exposed to fire, as well
as on the contact surfaces of steel plate with fire-retardant coating. Boundary conditions and
nonlinear thermophysical properties of materials were set.

In Fig. 5.27 shows the calculations of non-stationary heating of the fire-retardant system in
the form of a steel plate with a fire-retardant coating in the ANSYS software package using the
calculated finite-element model of this system (Fig. 5.26).

The obtained temperature numerical simulations were compared with the data of experimental
determination of the temperature of steel structures with fire-retardant coating under fire condi-
tions at standard fire temperature, first for the minimum value of fire-retardant coating thickness
(0.248 mm) and then for maximum coating thickness (1.288 mm). In the future, also for different
values of the heat transfer coefficient by convection and thermal radiation on the unheated surface
of the steel structure (5 and 9 (W/(m?-°C)) (Fig. 5.28, 5.29).

The obtained calculated data of the dependence of the temperature from the unheated surface
of the steel structure with a fire-retardant coating on the time of fire exposure to the standard
temperature of the fire, compared with the results of the experimental study. Satisfactory conver-
gence of experimental and calculated temperatures was established, and the maximum calculation
error was 7 % [223].
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O Fig. 5.27 Temperature distribution in the model “steel structure-fire-retardant coating with
maximum thickness” after 25 minutes of testing under conditions of standard fire temperature

The influence of the coefficient of heat transfer by convection and thermal radiation from the
unheated surface of a steel structure with a fire-retardant coating on the accuracy of modelling
the thermal processes occurring under fire at the standard temperature of the fire is investigated.
For this purpose, simulation of non-stationary temperature heating of a steel plate with a fire-re-
tardant coating with a maximum value of the coating thickness of 1.288 mm at different values of
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the convection heat transfer coefficient was performed in the ANSYS software environment and
thermal radiation on the unheated surface of the steel plate (5 and 9 W/(m2°C)). The results of
numerical simulations are presented in Fig. 5.29.
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O Fig. 5.28 Dependence of the average temperature on the unheated surface
of a steel structure with a fire-retardant coating on the time of fire exposure
according to the standard temperature of the fire (minimum value of the coating
thickness): 1 — obtained experimentally; 2 — obtained by simulation in ANSYS
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O Fig. 5.29 . Dependence of the average temperature on the unheated surface of

a steel plate with a fire-retardant coating (maximum thickness) on the time of fire expo-
sure to the standard temperature of the fire: 1 — obtained experimentally; 2 — obtained
by simulation in ANSYS (heat transfer coefficient from the unheated surface of a steel
structure with a coating of 5 W/(m®-°C); 3 — obtained by simulation in ANSYS, the heat
transfer coefficient on the unheated surface of a steel plate with a coating of 9 W/(m?-°C)
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As can be seen from Fig. 5.29, the best convergence of the results of computer modelling
is observed when setting such a parameter of the model as the heat transfer coefficient on the
unheated surface of a steel plate with a coating equal to 5 W/(m?°C). The maximum calculation
error was 8 %.

The results obtained because of the work, namely: heating temperatures of fire-retardant
samples of steel structures at standard fire temperatures, as well as temperatures obtained by
modelling non-stationary heating in the ANSYS software are well correlated and have satisfactory
convergence. This is due to the use of known mathematical models of heat transfer for the system
“steel structure — fire-retardant coating”, proven numerical methods of integrating mathematical
models of heat transfer and solving inverse thermal conductivity problems, as well as satisfactory
coincidence of calculated and experimental temperatures in tested fire-resistant steel structures.
The proposed approach on samples of reduced size allows to reduce labour costs, reduce research
time, and allows a more accurate approach to assessing the fire-retardant ability of reactive coat-
ings of steel structures of different types and profiles. In comparison with the existing approaches
(tests for fire resistance of the structure, the estimated determination of the fire resistance of
fire-retardant steel structures), the proposed approach has features, which consist in the de-
velopment of a finite element model of the system “steel structure — fire-retardant coating” and
comparison of the results with experimental studies on samples of reduced size. This approach is
used to assess the fire resistance of coatings of steel structures. With the help of the construct-
ed calculated finite element model it is possible to perform calculations to determine the time of
reaching the critical temperature of the steel structure and reactive flame retardant coating of
different thickness.

5.3 DEVELOPMENT OF AN INSTALLATION FOR DETERMINING THE ADHESIVE STRENGTH OF
COATINGS OF FIRE-RETARDANT STEEL STRUCTURES

The disadvantage of most fire-retardant coatings is poor adhesion to the surface to be pro-
tected. Therefore, the study of the adhesive strength of fire-resistant steel structures is proposed
to be carried out on a specially designed installation.

The adhesive strength of the joint “film fire-retardant coating — steel structure” could be
determined by the method of swelling of the film, which belongs to the side method of determining
the adhesive strength (Fig. 5.30). In this work, this method is implemented using the action of
compressed oxygen [246].

For this purpose, a hole was drilled in the plate. The area of the film separation and the gas
pressure that must be created for its separation were determined. The gas pressure is distributed
in all directions evenly. Therefore, the detachment of the film occurs under the action of a force
directed at different angles on the contact area of the film. When the film swells, part of the gas
is spent on deforming the film.
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O Fig. 5.30 Determination of adhesive strength by the method
of swelling of the film: 1 — adhesive; 2 — substrate

Using this method, an installation was developed to determine the adhesive strength of fire-re-
tardant coatings (Fig. 5.31), which consists of an oxygen supply mechanism of oxygen-insulating
gas mask KIP-8, a cylinder of compressed oxygen, volume 1 liter at a pressure of 190 kgf/cm?,
a metal cylinder through which oxygen is supplied and a metal plate made of steel MS-17 for
applying a flame retardant. Oxygen supply mechanism adjusted to the supply of 1.4 I/min oxygen at
a pressure of 4.5-5.6 kgf/cm?. The oxygen supply mechanism, in this case, serves as a reducer,
which converts high-pressure (190 kgf/cm?) into low-constant (4.5-5.6 kgf/cm?).

O Fig. 5.31 Installation for determining the adhesive strength
of coatings of fire-retardant steel structures

The following equipment and materials were used for the test. Installation for determining the
adhesive strength of fire-retardant coatings (Fig. 5.32) consists of: an oxygen cylinder with a shut-
off valve with a capacity of 1 liter and an initial pressure of 20 MPa; oxygen supply mechanism of
KIP-8 gas mask; small standard manometer with capillary tube; an air pipe connecting the oxygen
supply mechanism and the working plate; working plate with a hole diameter of 10 mm.
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O Fig. 5.32 Scheme of the installation to determine the adhesive
strength of the coating: 1 — plate; 2 — frame; 3 — substrate;

4 — hole; 5 — coverage; 6 — safety cover; 7 — seals; 8 — fitting;

9 — compressed gas supply mechanism; 10 — manometer

The use of compressed gas as a working medium allows to simplify the design of the node that
clamps the sample, and thus increase the manufacturability of the device as a whole.

The seal on the bottom plate eliminates the leakage of compressed gas at the boundary be-
tween the plate and the substrate and ensures the reliability of the device.

In addition, the use of a manometer as a recording device provides a convenient fixation of the
indicator to determine the adhesive strength of the coating.

Installation for determining the adhesive strength of the coating includes a plate 1 and a frame 2,
clamping the sample, which consists of a substrate 3 having a hole 4, a coating 5 and a safety pad 6.
Between the plate 1 and the substrate 3 is a seal 7. On the plate 1 installed fitting 8, to which the
compressed gas supply mechanism 9 and the manometer 10 are connected.

The adhesive strength of the coating is determined by the magnitude of the tear load and the
area of separation of the coating.

The operation of the installation is as follows: the prepared sample is clamped between the
plate 1 and the frame 2 so that the hole 4 of the substrate 3 is coaxial with the fitting 9. Prepa-
ration of the sample is as follows: the substrate 3 with the hole 4 complete hardening, glue the
safety pad B, the area of which is less than the inner area of the frame, and along the perimeter of
the safety pad 6 cut the coating 5 to the substrate 4. Then test the adhesive strength of the coat-
ing. To do this, the compressed gas supply mechanism 10 through the fitting 9 supplies pressurized
gas through a hole 4 in the substrate 3 to the interface, which separates the coating 5 from
the substrate 3.

The adhesive strength of the coating is determined by the pressure on the manometer 11 at
the time of separation of the coating 5 and the area of separation. The area of separation of the
coating S is calculated by the parameters S, S,;,, which are determined during sample preparation.
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The adhesive strength of the coating is calculated by the formula:

F:Ppov'sutv; Pa:F'S1:F'[S_Sotv]x (5.2)

where F— the force of pressure on the adhesive coating; P, — adhesive strength of the coating;
P,., — gas pressure; S — the area of a covering under a safety overlay; S,.,— the area of the hole in
the substrate; S, — coverage of separation area.

5.4 VERIFICATION OF THE RELIABILITY OF THE INSTALLATION TO DETERMINE THE ADHESIVE
STRENGTH OF COATINGS OF FIRE-RETARDANT STEEL STRUCTURES

Steel plates 90=1 mm long, 60+3 mm wide and a 10 mm diameter hole in the center were
prepared for the test to determine the adhesive strength of the coating. Fire-retardant compo-
sitions were applied to the prepared samples and left to harden completely. An installation for
determining the adhesive strength was assembled. The suitability of the installation for work was
checked by visually checking the integrity of the system and its tightness [246].

Steel plates with formed coatings were attached to the working surface of the installation.
Polyvinyl acetate was used to ensure the density between the sample and the work surface. The
compressed oxygen cylinder was opened and the pressure in the system was gradually increased by
means of an oxygen supply mechanism. After the data were obtained, similar tests were performed
with other samples. After each test, the work surface was cleaned of polyvinyl acetate residues.
The test results are given in Tahle 5.4.

@ Table 5.4 Test results of coatings for adhesive strength

Ne Coating Type of surface  System pressure, Surface area, Adhesion index,

to be protected  MPa cm? MPa/cm?
1 Composition N2 1 steel 10 3.10 >3.2
2  Composition N2 2 steel 10 3.14 >3.2
3 Composition N2 3 steel 10 3.08 >3.2

According to the results of studies to determine the adhesive strength of manufactured coat-
ings, all coatings have adhesion to the steel surface of more than 3 MPa/cm?. That is, at a pressure
in the system of 10 MPa, no separation of the coating film from the steel surface was observed —
the adhesion of the coatings is very high.

Comparing the indicators of adhesive strength to the steel surface with similar indicators of
known fire-retardant compositions, it can be seen that the studied compositions in these proper-
ties are not inferior to standardized fire-retardant coatings.
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CONCLUSIONS ON THE SECTION §

1. The reliability of the developed mathematical model and calculation-experimental method for
estimating the fire resistance of fire-retardant reinforced concrete structures using the method
of computational experiment, which determined the permissible errors. It was found that random
errors of 10 % when measuring temperatures from the unheated surface of the fire-retardant
floor significantly affect the accuracy of determining the thermophysical characteristics of the
coating (maximum error up to 30 %).

To analyze the sensitivity of the proposed model, a technique was used, which consists in
sequential perturbation of model parameters, identification of thermophysical characteristics of
fire-retardant coatings and solving a series of direct problems of thermal conductivity. As a result,
it is established that the greatest influence on the accuracy of fire resistance of fire-retardant
reinforced concrete structures have such parameters of the mathematical model as the coef-
ficient of thermal conductivity of fire-retardant coating and specific volumetric heat capacity of
reinforced concrete floor. The influence of the heat transfer coefficient between the unheated
floor surface and the environment in assessing the fire resistance of fire-retardant multi-hollow
reinforced concrete floors on the accuracy of determining the thermophysical characteristics of
the fire-retardant coating.

2. The reliability of the developed mathematical model and calculation-experimental method
for estimating the fire resistance of fire-retardant steel structures is verified. Accidental errors
in measuring temperatures of 10 and 20 % from the unheated surface of a fire-retardant steel
structure have been found to significantly affect the accuracy of thermophysical characteristics of
the coating to protect steel structures and must be taken into account when designing buildings
and structures. Inaccuracy in measuring temperatures from the unheated surface of the fire-retar-
dant steel structure by 10 % leads to an error in determining the thermophysical characteristics
of the coating at 17 %, and for 20 % — the error was 34 %.

3. The calculated finite-element model of the system “steel plate — fire-retardant coating” for
modelling non-stationary heating of such a system in the ANSYS software package is developed.
Using this model, calculations of the thermal state of the steel plate with a minimum thickness of
the fire-retardant coating of 0.248 mm were performed. Satisfactory convergence of experimental
and calculated temperatures has been established. The maximum calculation error was 7 %. The
use of the developed finite element model of the system “steel plate — fire-retardant coating” will
further calculate the non-stationary heating of steel structures of all types in the range of thick-
nesses, cross-sectional factors, design temperatures and fire resistance classes in the ANSYS
software package with sufficient accuracy for engineering calculations (up to 10 %). The results
of numerical simulation of non-stationary heating of the system “steel structure — fire-retardant
coating” with a maximum coating thickness of 1.288 mm in the ANSYS software package were ver-
ified. It is established that the results of experimental studies and numerical analysis are positively
correlated with each other within the allowable error of no more than 8 %.
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4. An installation for determining the adhesive strength of fire-retardant coatings for the
protection of steel structures has been developed. The reliability and operability of the proposed
installation were tested on the example of the study of the adhesive strength of three fire-re-
tardant coatings. It was found that all coatings have high adhesion to the steel surface (more
than 3 MPa/cm?). That is, at a pressure in the system of 10 MPa, no separation of the coating film
from the steel surface was observed.
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1. Analysis of the current state of fire safety of buildings and structures of industrial and civil
construction showed the presence of contradictions that arise in the analysis of the conditions for
fire resistance of fire-retardant building structures. Resolving these contradictions creates con-
ditions for the safe operation of buildings and structures using fire-retardant reinforced concrete
and steel structures with scientifically sound parameters of their fire-retardant coatings. Based
on the analysis, it is established that ensuring the normalized value of the limit of fire resistance
of load-bearing elements of reinforced concrete and steel building structures is an important and
quite complex problem, the solution of which will allow at the design stage, construction and oper-
ation of buildings and structures of industrial and civil construction to use in modern construction
building structures that are able to provide buildings or structures with resistance to high tempera-
ture or destruction due to disruption of the normal cycle of the object.

2. Experimental methods for assessing the fire resistance of fire-retardant steel and rein-
forced concrete structures are the most accurate and provide the most reliable information on the
limits of fire resistance of building structures in terms of their testing at standardized fire tem-
peratures. However, along with the advantages of such methods have several disadvantages. Such
shortcomings include: the complexity of manufacturing, preparation and testing of fire resistance
of large building structures, high material costs for testing in accredited laboratories. Disadvantag-
es include the inability to transfer the test results of one structure to structures of all sizes and
types, poor adhesion of fire-retardant coating to the protected surface during fire, the problem of
maintaining the integrity of the fire-retardant coating, and as a consequence, failure to perform
its protective functions. All this imposes some restrictions on the use of only the experimental
method of assessing the fire resistance of fire-retardant steel and reinforced concrete structures
in view of the above shortcomings. The use of calculation methods to assess the fire resistance
of unprotected and fire-retardant steel and reinforced concrete building structures, compared to
the experimental, has a number of advantages, such as the ability to perform calculations without
high material costs, although software products must be certified, which could be expensive, and
highly qualified specialists who will be able to correctly and reasonably set the parameters of the
model of the thermal state of fire-resistant building structures. After all, inaccuracies in setting
initial, boundary conditions and inaccuracies in the use of mathematical and physical models of
thermal processes in fire-resistant structures under fire, could lead to erroneous assessment of
fire resistance of fire-resistant building structures, and thus to miscalculations in the design of
buildings and structures.

3. As a result of the work, physical and mathematical models for assessing the fire resistance
of fire-retardant reinforced concrete structures have been developed. An algorithm was applied,
which includes the following stages: selection of the formalization apparatus, construction of the
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external description, verification of the model’s operability, construction of the internal state,
verification of operability and identification of parameters. The initial and boundary conditions for
the construction of these models are formulated, which allow to predict the fire resistance of the
fire-resistant reinforced concrete structure with sufficient accuracy for engineering calculations.
The peculiarity of the developed models is taking into account the thermophysical characteristics
of reinforced concrete structures and fire-retardant coatings, as well as taking into account the
peculiarities of the formation of fire regimes.

4. Physical and mathematical models for assessing the fire resistance of fire-retardant steel
structures have been developed. An algorithm is used, which includes experimental and computa-
tional procedures in determining the fire resistance of fire-resistant steel structures. The initial and
boundary conditions for the construction of these models are formulated, which allow to predict
the fire resistance of the fire-resistant steel structure with sufficient accuracy for engineering
calculations. The peculiarity of the developed models is taking into account the thermophysical
characteristics of steel structures and fire-retardant coatings, as well as taking into account
the peculiarities of the formation of fire regimes. Based on the proposed physical and mathe-
matical models, a computational and experimental method for estimating the fire resistance of
fire-retardant steel structures has been developed. The method is based on the use of samples of
reduced size, which facilitates the procedure of determining the normalized values of the limit of
fire resistance. The structural-logical scheme of implementation of the developed method provides
for 9 blocks located on 5 levels, connected by logical connections, and includes experimental and
computational parts. In this case, the experimental part of the method involves the study of the
temperature of fire-retardant steel plates under fire conditions for specified fire conditions (stan-
dard, external, hydrocarbon, tunnel, real fire) and taking into account influence of climatic factors
on the coating. Calculation part — construction of mathematical, physical, geometric, computer
models of processes occurring in the studied fire-retardant steel structure, identification of ther-
mophysical characteristics of fire-retardant coating (coefficient of thermal conductivity, specific
volumetric heat capacity) by solving inverse problems of thermal conductivity the ability of fire-re-
tardant coating by solving direct problems of thermal conductivity.

9. The reliability of the developed mathematical model and calculation-experimental method for
estimating the fire resistance of fire-resistant reinforced concrete structures using the method
of computational experiment, which determined the permissible errors. It was found that random
errors of 10 % when measuring temperatures from the unheated surface of the fire-retardant
floor significantly affect the accuracy of determining the thermaphysical characteristics of the
coating (maximum error up to 30 %). To analyze the sensitivity of the proposed model, a technique
was used, which consists in sequential perturbation of model parameters, identification of thermo-
physical characteristics of fire-retardant coatings and solving a series of direct problems of thermal
conductivity. As a result, it is established that the greatest influence on the accuracy of fire resis-
tance of fire-retardant reinforced concrete structures have such parameters of the mathematical
model as the coefficient of thermal conductivity of fire-retardant coating and specific volumetric

143



FIRE RESISTANCE OF REINFORCED CONCRETE AND STEEL STRUCTURES:

heat capacity of reinforced concrete floor. The influence of the heat transfer coefficient between
the unheated floor surface and the environment in assessing the fire resistance of fire-retardant
multi-hollow reinforced concrete floors on the accuracy of determining the thermophysical char-
acteristics of the fire-retardant coating. The reliability of the developed mathematical model and
calculation-experimental method for estimating the fire resistance of fire-retardant steel struc-
tures is verified. Accidental errors in measuring temperatures of 10 and 20 % from the unheated
surface of a fire-retardant steel structure have been found to significantly affect the accuracy of
thermophysical characteristics of the coating to protect steel structures and must be taken into
account when designing buildings and structures. Inaccuracy in measuring temperatures from the
unheated surface of the fire-retardant steel structure by 10 % leads to an error in determining
the thermophysical characteristics of the coating at 17 %, and for 20 % — the error was 34 %.
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