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This paper reports a study aimed at
assessing fire resistance of reinforced
concrete ribbed slabs at the onset of
integrity loss limit state. EN 1992-1-2
lacks calculation methodology for deter-
mining the limit of fire resistance of rein-
Jforced concrete slabs when the limit state
of integrity loss occurs. Scientific works
are focused on two limit states of fire
resistance: load-bearing capacity and
heat-insulating capacity. Experimental
tests are criticized because of difficulties
in registering signs of the onset of the
limit state of loss of integrity, in particu-
lar due to the need to control the unheat-
ed surface of the ribbed plate during
a fire under the action of mechanical
load. Therefore, there is no calculation
methodology for assessing the fire resis-
tance of reinforced concrete ribbed slabs
upon the onset of the limit state of loss of
integrity. At the same time, to ensure the
safe evacuation of people in the event of
a fire, to prevent the spread of fire, as
well as to carry out the effective work of
rescuers, it is necessary to use building
structures with guaranteed fire resis-
tance classes.

The paper reports the results of solv-
ing thermal engineering and static prob-
lems, which relate to the temperature
distribution and stress-strain state of the
investigated ribbed plate. Conducting
research into the fire resistance of rein-
Jorced concrete ribbed slabs, taking into
account the onset of the limit state of loss
of integrity, made it possible to establish
the dependence of the fire resistance limit
of these structures on the loss of integrity
on the level of applied mechanical load.
The resulting dependence plot makes it
possible to evaluate reinforced concrete
ribbed slabs according to the criteri-
on of the onset of the limit state of loss
of integrity, which provides an oppor-
tunity to determine fire resistance more
objectively
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1. Introduction

Modern construction is aimed at minimizing costs but, at
the same time, it is necessary to ensure the strength of build-
ing structures, which is a prerequisite for safety and comfort
for people in buildings and at facilities [1]. Savings of funds
are expected due to the reduction of material costs in the
manufacture of structures, which reduces their weight. As
a result, economic expediency is achieved when arranging
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the foundation. One of the types of such building structures
is reinforced concrete ribbed slabs, which have less weight
compared to solid slabs of the same thickness, which reduces
the load on the foundation (Structville). This makes it possi-
ble to save on materials for both slabs and foundations. Due
to the reduction of the volume of concrete and steel required
for the production of ribbed slabs, the total cost of materials
is reduced. The construction of ribbed plates provides high
strength and rigidity at a lower weight, which makes it pos-




sible to maintain the necessary technical characteristics of
buildings. Ribbed plates are lighter and more convenient for
transportation and installation, which reduces construction
costs. Reducing the weight of structures leads to lower costs
for the foundation, which is an important component in
construction. Thus, the use of ribbed slabs makes it possible
to achieve significant cost savings without harming the
safety and comfort of operation of buildings and structures.
The use of such structures, in comparison with flat slabs or
a monolithic floor, reduces the natural weight of the floor
by up to 40 %, reduces the consumption of concrete by up
to 60 % due to removal from the lower stretched zone. At
the same time, the rigidity of ribbed slabs is not inferior to
monolithic and flat floors. This makes it possible to arrange
long spans without using additional supports up to 18 me-
ters, which makes it possible to provide more space for the
installation of industrial facilities. Thus, ribbed slabs are an
expedient and effective solution in modern construction due
to their cost-effectiveness, reduced weight of structures, im-
proved stability, and the possibility of covering large spans.
This makes it possible to design more functional and aesthet-
ically attractive buildings with increased comfort for users.

Therefore, research into the behavior of reinforced con-
crete ribbed slabs under the influence of a standard fire
temperature regime, as well as mechanical load, is relevant.
Given that ribbed slabs provide economy, reduce the weight
of structures, and allow covering large spans without addi-
tional supports, understanding their fire resistance is key
to ensuring the safety and reliability of modern buildings.
This will enable building stable and durable structures that
meet the requirements of construction and operation, with
minimal costs.

2. Literature review and problem statement

In order to prevent the spread of fire inside a building,
at the design stage it is necessary to use building structures
with the appropriate class or limit of fire resistance. This
will help prevent the spread of dangerous fire factors over
the specified time. EN 1992-1-2 describes a general refined
calculation method for evaluating the fire resistance of re-
inforced concrete floor slabs. It is used only to establish the
time of onset of the loss of bearing capacity (R) and thermal
insulation capacity (1) [2, 3].

In this case, the calculations are carried out according to
the simplified (zone) method and for slabs with a cross-sec-
tion of only 200 mm.

In other words, using the given temperature curves in
EN 1992-1-2 for evaluating ribbed plates by this method
is not considered possible at all [4]. In addition, the zone
method provides for checking the fire resistance only upon
the onset of the limit state of loss of bearing capacity. This
approach is not objective and does not make it possible to
determine the limit or class of fire resistance of reinforced
concrete slabs upon the onset of the limit state of loss of in-
tegrity [4]. That is, there are no methods for determining the
limit of fire resistance by the onset of the limit state of loss of
integrity E in reinforced concrete floor slabs and coverings
in EN 1992-1-2 [5]. It should be noted that the tabular test
method for floor slabs and coverings [6] imposes too strict
requirements on these structures. This method does not take
into account the materials from which the structures are
made, the geometric characteristics of the section, in partic-

ular the moment of resistance, and also does not take into
account the load level. This significantly complicates the use
of ribbed slabs in construction.

In addition, this method has cross-sectional limita-
tions [6], which makes it ineffective for evaluating the fire
resistance of ribbed slabs. These restrictions relate to the
fact that for the application of the tabular method, the min-
imum width of the rib and the thickness of the plate itself
must be at least 80 mm. This means that structures with
smaller dimensions cannot be rated for fire resistance using
this method. Many scientific works tackle this determina-
tion of fire resistance of reinforced concrete floor slabs, but
they also report studies of only the occurrence of two limit
states of fire resistance, bearing capacity R [7, 8], and ther-
mal insulation capacity I[9, 10].

Determination of the bearing capacity of reinforced
concrete slabs under the influence of high temperatures is
considered in [7]. The author emphasizes the reduction of
mechanical characteristics of reinforcement and concrete
under fire conditions. A critical aspect of the study is that
it does not include the effect of cracking, which may lead to
an underestimation of the durability of the structure. Also,
in [8], research is focused on the verification of calculation
methods, including with the help of various software packag-
es, exclusively on the loss of bearing capacity, without taking
into account other factors, such as, for example, thermal
insulation capacity or structural integrity. In [9], the ability
of reinforced concrete slabs to provide thermal insulation
during a fire, i.e., limit state 7, is studied. Although the work
is useful for evaluating the behavior of materials at elevated
temperatures, it does not take into account the interaction
between mechanical and thermal loads. This is an important
aspect because significant temperature fluctuations can
lead to cracks that weaken the thermal insulation of the
slab. Also, in the work, insufficient attention is paid to the
analysis of dynamics in crack propagation and the impact
of these processes on the overall fire resistance. In [10], the
temperature distribution over the slab under the influence
of the standard fire temperature regime is also analyzed to
assess the fire resistance of such structures. In this case, the
study does not cover the appearance of through cracks. This
state of affairs is caused by the limitations of theoretical
ideas about the mechanisms and phenomenology of concrete
deformation under the conditions of thermally forced impact
during a fire [11]. This limitation is especially evident when
trying to predict through defects in reinforced concrete
enclosing structures, which are associated with registering
the onset of the limit state of loss of integrity as a result of
the thermal effect of a fire. The phenomenon of destruction
is a complex process that begins long before the appearance
of visible cracks. Given the lack of a unified theory of the
destruction process, the regularities of this process are being
investigated in order to better understand how damage ac-
cumulates and develops to a critical stage, when the building
structure loses its integrity. In work [4], a study of the effect
of mechanical load on the fire resistance limit of a ribbed
plate was carried out but, in the work, only the onset of the
loss of bearing capacity was taken into account. According
to the results of calculations in [4], it was established that
the limit of fire resistance when the structure is loaded at
50 % of the load-bearing capacity is 43.9 min, which does
not make it possible to ensure the fire resistance class even
RET 45. But at the same time, the limit state of loss of integ-
rity for this structure in work [4] was not carried out, which



makes it impossible to confirm compliance with the fire
resistance limit of 43 min, relying only on the load-bearing
capacity of the slab.

In addition, when performing calculations for studies of
loss of integrity under the influence of fire and mechanical
loading, it is necessary to take into account which theory
of strength is adopted for concrete. In [12], it was shown
that during simulation, it was not possible to achieve the
formation of through cracks in a hollow plate due to the stop
of calculations in the presence of a large number of finite
elements that have reached plastic deformation. The differ-
ence of work [13] was the application of the William-Warnke
strength theory, which made it possible to simulate the for-
mation of through cracks during thermally forced impact on
the structure. Therefore, it can be assumed that the Druck-
er-Prager strength theory, used in studies [4], will not make
it possible to obtain the limit state of loss of integrity.

According to EN 1363-1:2020 and EN 1365-2:2014, it
is still possible to evaluate the fire resistance of building
structures using experimental studies [14]. Experimental
studies include full-scale fire tests, which involve replicating
a building on a full scale and creating the thermal effects
of a fire on these structures. This method is much more ex-
pensive than all existing ones and is difficult to implement
since reproducing the thermal effect according to the curve
of the standard temperature regime in a certain room of
the building is not an easy task. This requires additional
research to determine the number of burners, smoke vents,
their configuration and location [14, 15]. Experimental tests
involve conducting studies on fire resistance assessment
of a separate building structure or its fragment [14, 15].
This method is less time-consuming and expensive but the
manufacture of building structures and their transportation
to the place of research is also a difficult task. This is due
to the fact that the number of specialized laboratories that
have the right to carry out such work is limited. However,
this approach is subject to justified criticism from the point
of view of the possibility to record signs of the onset of the
limit state of loss of integrity. In particular: causing igni-
tion of a cotton swab brought to an unheated surface of the
structure; ensuring the possibility of penetration of a probe
of appropriate sizes into the cracks formed; or the occurrence
of persistent flame burning also from the unheated surface of
the structure.

Therefore, it is necessary to constantly monitor the un-
heated surface of the reinforced concrete ribbed slab during
tests [13, 14]. The practical experience of these tests shows
that such control is impossible since the unheated surface
of reinforced concrete floor slabs is covered with loads to
reproduce the conditions of mechanical loading during the
operation of a real structure [16, 17].

A similar situation is observed in [16, 17], in which tests
are described with the use of parametric effects of fire on
premises in which the use of floor slabs is expected. Deter-
mination of the limit of fire resistance of plates was carried
out upon the onset of the loss of bearing capacity, i.e., upon
acquisition of a critical deflection without taking into ac-
count the formed cracks.

This state of affairs does not make it possible to deter-
mine the limit of fire resistance of reinforced concrete slabs
based on the limit state of loss of integrity, which calls into
question the objectivity of the results. Therefore, determin-
ing the regularity of the limit of fire resistance upon the
onset of the limit state of loss of integrity in ribbed slabs de-

pending on the level of the applied load will make it possible
to more objective assess such building structures.

3. The aim and objectives of the study

The purpose of our work is to determine the regularities
of the onset of the limit state of loss of integrity in ribbed
plates under the influence of the applied mechanical load.
This will make it possible to increase the reliability of such
structures during a fire, due to taking into account the
obtained fire resistance indicators related to the formation
of cracks through which the penetration of dangerous fire
factors is possible.

To achieve the goal, the following tasks were set:

—to conduct a computer simulation of the effect of a
standard fire temperature regime on a reinforced concrete
ribbed slab in the ANSYS APDL software package within
60 minutes;

—to determine the stress-strain state of a reinforced
concrete ribbed slab during fire exposure using computer
simulation;

—based on the results of the thermally forced calcula-
tion, determine the dependence of the loss of integrity of the
reinforced concrete ribbed slab on the level of the applied
mechanical load.

4. The study materials and methods

The object of our study is the fire resistance of reinforced
concrete ribbed slabs when the limit state of integrity loss
occurs.

The hypothesis of the study assumes that the limit of fire
resistance of reinforced concrete ribbed slabs at the onset of
loss of integrity depends on the level of load.

To study the conditions of occurrence of the limit state of
loss of integrity of reinforced concrete ribbed slabs, a separate
reinforced concrete ribbed slab [4], the structural scheme
of which is shown in Fig. 1, was considered. This slab is a
typical reinforced concrete product according to the project
documentation containing series 1.465.1. This series contains
basic design data for ribbed reinforced concrete slabs covering
single-story production and warehouse buildings. The main
features of this plate are the presence of ribs with reinforcing
rods to strengthen the panel between its ribs.

To conduct computational experiments, first to solve
the thermal engineering problem of the ribbed plate model,
and then to resolve the combined thermal and mechanical
influence, the following basic provisions were adopted when
constructing a finite element model:

1. An 8-node hexahedral finite element was accepted
for modeling concrete and absolutely solid supports, and a
2-node rod finite element for modeling steel reinforcement.

2. All types of finite elements are physically nonlinear;
their properties correspond to models of nonlinear behavior
of materials.

The dimensions and number of finite elements in the
scheme of a reinforced concrete ribbed slab are given in Table 1.

The parameters that determine the mesh density are cho-
sen to enable good convergence of the computational process.

Fig. 2 shows the general view of the finite-element dia-
gram of a reinforced concrete ribbed slab, which is a corre-
spondingly discretized calculation area.
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Fig. 1. The researched reinforced concrete ribbed slab [4]:

a — general view; b — structural diagram

Fig. 2. Finite-element diagram of a reinforced concrete ribbed slab with
support surfaces

Table 1
Parameters of finite element models of test samples
Part of the model | Min. size, mm | Max. size, mm | Quantity
Concrete base 25 100 4,128
Reinforcement 100 100 1,328
Supports 32.5 100 32
Total finite elements: 5,488

At the first stage, when modeling the thermal effect
in the form of a temperature load on a reinforced concrete
ribbed slab, a thermal engineering problem was solved. To
this end, the quasi-linear non-stationary differential equa-
tion of thermal conductivity (1) is used. It is formulated with
the statement of a boundary value problem, using boundary
conditions of the III kind. Radiant and convective heat ex-
change between heating surfaces and the environment in a
room with a fire is taken into account:

_

6, (0)p(0)

v(2.(6)ve), )

where p(0), A(0), c,(0) are the heating tempera-
ture-dependent density of concrete, coefficient of
thermal conductivity of concrete, and specific heat
capacity of concrete, respectively.

The temperature regime of influence on a
reinforced concrete ribbed slab is calculated ac-
cording to the standard fire temperature regime
EN 1363-1:2020, which is determined from the
following dependence:

0, =3451g(8t+1)+20, 2)

where ¢ is the time counted from the start of the
test, min; @y is the temperature corresponding to
time ¢, °C.

The thermophysical characteristics of concrete
and reinforcement correspond to the temperature
dependences recommended by EN 1992-1-2.

The parameters of the boundary conditions of
the thermal effect on the reinforced concrete ribbed
slab are given in Table 2.

Technical data of concrete are given in Table 3.
Table 3 shows the main characteristics for the con-
crete of the reinforced concrete ribbed slab, which was
used during the simulation.

Technical data on reinforcing steel are given in Ta-
ble 4. This table shows the main characteristics for steel
reinforcing bars of reinforced concrete ribbed slab.

To obtain reliable results regarding the behavior
of a reinforced concrete ribbed slab under conditions
of thermal influence and mechanical load, the corre-
sponding deformation characteristics of concrete and
reinforcement are applied. Simulation was carried
out in the ANSYS APDL software package using
the “strain-stress” diagram. These characteristics are
recommended by EN 1992-1-1 and EN 1992-1-2 and
are shown in Fig. 3.

Fig. 4 shows a diagram of a ribbed plate with a
distributed load applied to its upper surface.

Table 2

Parameters of boundary conditions for a
reinforced concrete slab

Parameter De§1g— Measure.— Value| Reference
nation | ment unit
Heated side
Convective component of 20 EN 1991-1-2
the heat exchange coefficient | * W/(m=C)l 25 Eurocode 1
. EN 1992-1-2
Degree of blackness € - 0.7 Eurocode 2
Unheated side
- EN 1991-1-2
920
Heat transfer coefficient a |[W/(m*C)| 9 Furocode 2
Table 3
Technical data on reinforced concrete ribbed slab
Parameter Measurement unit Value
Strength class of concrete MPa C 25/20
Density kg/m? 2400
Strength limit MPa 20
The size of the coarse aggregate m 0.02
Poisson’s ratio - 0.3
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Fig. 3. Diagrams of material deformation, which are components of reinforced concrete hollow slab:
a — concrete; b — reinforcing steel

Mechanical ties

Fig. 4. The scheme of applying a mechanical load to the surface of a reinforced
concrete ribbed slab at different load levels depending on the bearing capacity:

Fig. 4 shows on the given diagram of a
reinforced concrete ribbed plate the support-
ing surfaces, which are solid bodies, which is
determined by the adopted material. Resting
the plate on these supports is carried out by
simulating the contact interaction between
individual parts of the model, automatically
created in the system as parts of different ma-
terials. The contact interaction is established
as an automatic “surface-surface” type, taking
into account the friction between them accord-
ing to the generalized Coulomb’s law with the
coefficient of friction u=0.6 (friction between
the steel surface and the concrete surface).

According to the recommendations (Inte-
chOpen-Open Science Open Minds), the static
problems of modeling the stress-strain state of
reinforced concrete slabs when they are unilat-
erally affected by a fire with a standard tem-
perature regime were solved with a step-by-step
reproduction of the load history in two stages.

30 % — 1.8 kN,/m2 50 % — 3kN/m2, 70 % — 4.2 kN /mZ 90 % — 5.4 kN /m? At the first stage, the heat load was simulated

Table 4

Technical data on the reinforcing steel of the ribbed plate

Parameter Measurement unit Value

Density kg/m3 7850

Modulus of elasticity MPa 2:10°
Poisson’s ratio - 0.2

Reinforcement in longitudinal ribs

Strength class MPa A400
Strength limit MPa 400
Diameter mm 16

Reinforcement in transverse ribs

in the form of the influence of the standard fire

temperature regime. However, the impact of
the fire on the reinforced concrete ribbed slab occurred after
the structure accepted the mechanical load in the form of a
uniformly distributed load. At the second stage, a static prob-
lem was already solved, which involves a compatible thermally
forced effect on a reinforced concrete ribbed slab.

The mathematical models used to calculate the behavior
of a reinforced concrete ribbed slab under conditions of com-
bined thermally forced influence are based on the application
of the implicit method for integrating differential equations of
the stress-strain state using the finite element method.

Strength class MPa A400
Strength limit MPa 400
Diameter mm 12

Panel reinforcement

5. Results of determining the regularity of limit of fire
resistance of ribbed plates according to the loss of
integrity because of load

Strength class MPa A400
Strength limit MPa 400
Diameter mm 8

5. 1. Results of solving the heat engineering problem
When modeling the process of heat transfer in a reinforced
concrete ribbed slab under the thermal influence of the stan-



dard fire temperature regime, temperature data in the inner
layers were obtained. Fig. 5 shows temperature distributions
in a reinforced concrete ribbed slab at different times.

Fig. 5 demonstrates that the inner layers of the plate heat
up quite strongly, especially in the panel between the ribs.

To analyze the heating of reinforcing bars, the tem-
perature curves of their heating depending on time were
constructed. Fig. 6 shows the constructed heating curves of
reinforcement in a reinforced concrete ribbed slab.

In order to analyze the onset of the limit state of loss of
thermal insulation capacity, a plot of average temperature on
the unheated surface of the studied reinforced concrete slab
was constructed. Fig. 7 shows the constructed temperature
plot of heating the non-heated surface of the plate, which
also demonstrates the limit temperature for the onset of the
state of loss of heat-insulating capacity.

of the slab by 140 °C or an excess at any point by 180 °C. Thus,
the plot in Fig.7 shows that the limit of fire resistance upon
onset of the state of loss of heat-insulating ability for this plate
is 13 minutes. This is permissible for covering plates since the
loss of heat-insulating capacity is not standardized for them.

5. 2. Results of determining the stress-strain state of
a reinforced concrete ribbed slab during fire exposure

Our results from solving the heat engineering problem,
which are described above, were used to calculate the parame-
ters of the stress-strain state of the reinforced concrete ribbed
slab according to the adopted approach. After the calculations,
a set of data on the stress-strain state was built, which should
be analyzed to identify aspects and regularities of the onset of
the limit state of loss of integrity of a reinforced concrete ribbed
slab under the thermal influence of a fire. Thus, Fig. 8 shows the
distribution of vertical displacements (m) in
the studied reinforced concrete ribbed slab
at different time points of exposure to the
standard fire temperature regime at a load
level of 50 % of the bearing capacity.

Also, one of the calculated parameters,
which is important for evaluating the pos-
sibility of the formation of through defects
in reinforced concrete ribbed slabs, is the

a 200 c00

d

1000

Fig. 5. Temperature distributions in a reinforced concrete ribbed slab at
different moments of exposure to the standard fire temperature regime (2):
a — 30 min; b — 45 minutes; ¢ — 60 minutes; d — temperature distribution

gradient across the plate

1000
800
600
400
200

0
0 20 40 60 80 100
Fig. 6. Temperature curves of heating the reinforcing bars
in a reinforced concrete ribbed slab depending on time:
1 — in the longitudinal rib; 2 — in the transverse rib;
3 — in the panel between the ribs
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Fig. 7. Heating plot of the unheated side of the investigated
reinforced concrete ribbed slab

According to EN 1363-1:2020, the criterion for the occur-
rence of the limit state of the loss of thermal insulation capacity
is an excess of the average temperature on the unheated surface

stress at which plastic deformations occur
in concrete. This parameter helps determine
the onset of the limit state of loss of integrity,

Fig. 9 shows constructed distributions
of stress values at which plastic deforma-
tions occur at different time points at a
load level of 50 % of the bearing capacity.

Another important parameter that
makes it possible to record the onset of the limit state of loss
of integrity is the distribution of “cracks”, the onset of which is
identified at the integration points (Fig. 10). Fig. 10 shows the
obtained distribution of cracks at different time points. Con-
ventional designations of cracks in concrete (Fig. 11) include:
primary cracks — in red, which are the first cracks that appear
in the element. Secondary cracks are in green, representing
the first branching of primary cracks, and tertiary cracks are
in blue, which form the second branching in the structure of
the element.

The signs of cracks and defects in concrete are decoded
in Fig. 11.

To understand the mechanism of destruction of the inner
layers of the slab, vertical displacement curves of the rein-
forced concrete ribbed slab were constructed for different
load conditions. Fig. 12 shows the plotted curves.

According to the results of solving the static problem, it
was established that nonlinear deformations in the cell between
the ribs of the ribbed plate occur on minute 17, 18, 22, and 25,
respectively, depending on the level of mechanical load.

Fig. 13 shows the given curves, which illustrate the con-
ditions for the onset of the limit state of loss of integrity and
the method for identifying the limit of fire resistance based
on these curves.

The plot in Fig. 13 demonstrates that for curve 4, the on-
set of nonlinear deformation occurs approximately between
minutes 17 and 18, when the deflection begins to increase
sharply. Dropping the normal from this point to the time
axis shows that the fire resistance limit for this case will be
at this time interval. The same principle is used to determine
other load levels corresponding to curves 1, 2, 3.

1400
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Fig. 10. Distribution of cracks in the concrete of a reinforced
concrete ribbed slab at different moments of exposure to the
standard fire temperature regime:

a— 0 min; b — 10 minutes; ¢ — 25 min
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Fig. 11. Conditional designations of cracks in concrete:

a— primary cracks (the first cracks that appear in the element);
b — secondary cracks (the first branching of cracks that appear
in the element); ¢ — tertiary cracks (the second branching of
cracks that appear in the element)
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Fig. 13. Plots of the maximum deflection of the point inside
the panel in the cell between the ribs of the reinforced
concrete ribbed slab under the influence of the standard fire
temperature regime at different values of the effective load
with the established limits of fire resistance: 1 — 30 % of the
maximum load; 2 — 50 % of the maximum load; 3 — 70 % of
the maximum load; 4 — 90 % of the maximum load

5. 3. Determining the dependence of integrity loss on
the level of applied mechanical load

Summarizing the plotted curves regarding the onset of
the limit state of loss of integrity, the dependence of the fire
resistance limit of the slab on the level of the applied me-
chanical load was determined. The method for identifying
the fire resistance limit showed this interdependence. The
resulting dependence in the form of a corresponding curve
is shown in Fig. 14.
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Fig. 14. The plot of dependence of the fire resistance limit of
a reinforced concrete ribbed slab upon the onset of the limit
state of loss of integrity on the level of the applied active
mechanical load as a percentage of the maximum

Dependence on the plot in Fig. 14 shows
the change in the value of the fire resis-

1 - tance limit U, (in minutes) depending on
2 the percentage of mechanical load (from
30 % to 100%), which can be described as:
3 U,=-7.678In(x)+51.329.

6. Discussion of results based on studying
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Fig. 12. Plots of the maximum deflection of a reinforced concrete ribbed slab under

the influence of the standard fire temperature regime for different values of the
effective load: 1—30 %, 2 —50 %, 3 — 70 %, 4 — 90 % of the maximum load;
a — longitudinal rib; 6 — points in the middle of the panel in the cell between the ribs

One can see that on the finite element
diagram shown in Fig. 2, the mesh of finite
elements of concrete and reinforcing frame



has a sufficiently large rarefaction. Such a mesh provides
the most successful combination between performance and
calculation accuracy as it is conformal with the involvement
of hexahedral finite elements.

On the curves of Fig. 6, one can see that the reinforce-
ment in the panel between the ribs heats up the most, since
this reinforcement has the smallest protective layer. The
temperature in the transverse ribs is a little slower, and the
reinforcement in the longitudinal ribs warms up the slowest,
since it has the largest protective layer.

The plot in Fig. 7 shows that the limit of fire resistance
upon onset of the state of loss of heat-insulating ability for
this plate is 13 minutes. This is permissible for covering
plates since the loss of heat-insulating capacity is not stan-
dardized for them.

An interesting pattern of the build-up of vertical move-
ments of the plate was obtained, which is shown in Fig. 8.
One can see in Fig. 8 that under the action of the applied
power load (in this case, gz=1.8 kN/m, i.e., 30 % of the de-
structive load), the slab has the largest vertical movements
in the middle of the span. In this case, the zone of the largest
vertical movements has a round shape. During the simula-
tion of the thermal effect of the standard temperature regime
of the fire, initially the zone of the largest movements has the
shape of an ellipse elongated along the longitudinal axis of
the plate. During the stages of longer thermal exposure, the
largest movements are concentrated in the slab cells formed
by longitudinal and transverse ribs.

Also in Fig. 8, one can see that under the thermal influ-
ence of the fire, the ribbed plate gradually bends upwards.
This can be explained by the thermal expansion of the panel
between the ribs.

The given distributions show that a possible loss of integ-
rity occurs when the panel is destroyed in the cells between
the longitudinal and transverse ribs of the plate.

Analyzing the distribution of plastic stresses (Fig. 9), one
can see that the hypothesis of the destruction of the concrete
layer in the cells, which are formed between the longitudinal
and transverse ribs of the reinforced concrete ribbed slab, is
confirmed, since they are most concentrated near the ribs.

Fig. 10 shows the distribution of cracks as a result of
combined thermally forced impact on a reinforced concrete
ribbed slab. This distribution was obtained through the ap-
plication of William—Warnke’s theory of concrete strength,
as well as the use of the ANSYS APDL software package.
In [4], the Drucker-Prager concrete strength theory was ap-
plied. However, this strength theory may be less accurate for
modeling brittle materials subject to crack formation com-
pared to the William—Warnke strength theory. But at the
same time, the Drucker-Prager theory of concrete strength
is more universal for carrying out calculations in the ANSYS
WB software package [4] when conducting studies on the
loss of bearing capacity.

However, analyzing the patterns of crack distributions
shown in Fig. 10, it can be noted that relying only on these
distributions, it is impossible to unambiguously identify the
appearance of through cracks. This is due to the fact that
the appearance of damage at one or more integration points
does not make it possible to conclude that the cracks would
be through. These cracks play the role of an effective char-
acteristic to adequately describe the behavior of reinforced
concrete during the thermal impact of fire.

Analysis of plots in Fig. 12 reveals that probably the de-
struction in the longitudinal edge of the plate is possible only

when the load is applied more than 70 % since a clear bend of
the maximum deflection curve can be observed in this case.
However, one can definitely see that the panel in the cell be-
tween the ribs has a distinct bend. This means that in all cases
the destruction of the plate occurs precisely as a result of the
destruction of the panel between the ribs. Therefore, it can
be assumed that the limit state of loss of integrity occurs due
to the destruction of the panel between the ribs (in the cells)
when the bearing capacity of the longitudinal ribs is still pre-
served. This is logical since the protective layer of reinforced
concrete in these cells is the smallest and is only 15 mm.

Considering this hypothesis, the possibility of using
such an approach as a refined method for evaluating the
fire resistance of reinforced concrete ribbed slabs based on
the limit state of loss of integrity is assumed. According to
this approach, one can use curves of the type of plots shown
in Fig. 13.

The plot in Fig. 14 shows a decrease in the value of the
fire resistance limit with an increase in the application of
mechanical load. This dependence is linear in nature, which
indicates a constant decrease in U, with each increase in
percentage. The value of the coefficient of determination
R?=0.9732 testifies to the high accuracy of this approxima-
tion to the data. This means that the model describes well
the trend shown by the given points, with small deviations.

So, based on the results of our research, the regularity
of the limit of fire resistance of reinforced concrete ribbed
slabs from the level of the applied load has been determined.
This makes it possible to define the fire resistance of such
structures according to the constructed plot based on the
limit state of fire resistance of the loss of integrity, which is
a guarantee for preventing the formation of cracks through
which the penetration of dangerous fire factors is possible,
within the specified time.

Considering the philosophy of Eurocode 2 for assessing
the fire resistance of reinforced concrete slabs, in particular
with regard to loss of load-bearing capacity, it is an import-
ant approach that provides systematicity and structure. An
important step would be to devise a similar hierarchical ap-
proach for reinforced concrete ribbed slabs that would take
into account the specific structural and material features
of these slabs. That is, the development of a hierarchical
approach for evaluating the fire resistance of ribbed slabs
by the onset of the limit state of loss of integrity would
make it possible to more accurately predict their behavior
during a fire.

A limitation of our research is that the use of a standard
fire temperature regime creates more severe conditions for
the structure compared to a parametric fire. This may lead to
an overestimation of the fire resistance limit, but at the same
time it is guaranteed to provide the required fire resistance
class under any conditions.

The disadvantage of this study is the use of only one
Wilm-Warnke strength theory to identify the onset of a
good state of loss of integrity of a reinforced concrete ribbed
slab under the conditions of thermal impact. The use of ad-
ditional strength theories would make it possible to obtain
more variable results, which would significantly expand
the possibilities for future analysis and prediction of the
behavior of structures under the influence of high tempera-
tures and loads. It would also contribute to more accurate
modeling of failure processes and could provide more sound
recommendations for practical application of the results in
the construction industry.



A promising area for further research is to devise a tab-
ular method for evaluating the fire resistance of reinforced
concrete ribbed slabs by the onset of the limit state of loss
of integrity. This could significantly simplify the application
of the method when checking compliance with the fire resis-
tance class of such structures.
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