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Recei Abstract: The fire poses a considerable risk to human safety and, therefore, fire protection is a solution that
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should be incorporated into the construction system of a building. Composite beams, when subjected to fire,
Accepted 28 July 2020 lose strength and stiffness due to the degradation of the mechanical properties of their materials. This paper
aims to perform the thermal analysis of steel and concrete composite beams in fire situation. The software
ABAQUS Version 6.14 [1] was used to develop numerical methods, whose results were analyzed and
compared with the values obtained by the simplified calculation method prescribed in ABNT NBR
14323:2013 [2]. Thereby, the thermal behavior of the composite cross-section and the influence of the material
and the type of fire protection were analyzed. The results showed that, for a certain type of protection and size
of the metallic profile, the temperatures given by the Brazilian Standard may differ substantially from those
obtained by numerical simulation.
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Resumo: O incéndio constitui um risco consideravel a seguranga humana e, dessa forma, o revestimento
contra fogo ¢ uma solugdo que pode ser incorporada ao sistema construtivo de uma edificagdo. As vigas
mistas, quando submetidas ao fogo, perdem resisténcia e rigidez devido a degradacdo das propriedades
mecanicas de seus materiais. Este artigo tem como objetivo realizar a analise térmica de vigas mistas de ago
e concreto em situagdo de incéndio. Foram elaborados modelos numéricos no software ABAQUS
Versdo 6.14 [1], cujos resultados foram analisados e comparados com valores obtidos pelo método
simplificado de calculo prescrito na ABNT NBR 14323:2013 [2]. Com isso, analisou-se 0 comportamento
térmico da sec¢do transversal mista e a influéncia do material e do tipo de revestimento contrafogo. Os
resultados mostraram que, para certo tipo de revestimento e tamanho do perfil metalico, as temperaturas
previstas pela Norma Brasileira podem diferir substancialmente daquelas obtidas pela simulagdo numérica.
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1 INTRODUCTION

The structural systems composed of composite elements of steel and concrete aim to make the most of the
advantages of each of these materials and bring some advantages, such as material savings and ease of execution.
Composite steel and concrete beams emerged because of the use of steel beams underneath concrete slabs. The
interaction between these two elements is guaranteed by metallic elements known as shear connectors.

Composite beams, when exposed to high temperatures, during typical fire conditions, have reduced mechanical
strength and stiffness, which can cause all or part of the construction to collapse. In view of this, active or passive
protections were developed, making it possible, to safely vacate the places that are part of a building of interest. Under
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this assumption, the verification of composite steel and concrete structures in fire situation becomes an important step
in the execution of projects. It is important to highlight that an analysis in a fire situation must be done thinking about
the overall behavior of the structure and not only in terms of isolated elements.

The first research on composite steel and concrete beams were carried out using experimental models. Furnace tests,
despite being an essential part of understanding structural fire behavior, are still expensive and time-consuming [3],
which is why, on many occasions, numerical models are built that, once validated, allow obtaining various types of
information, such as thermal fields, displacements, and stresses. Therefore, many research have been developed and
published to analyze the behavior of composite structures in fire situations based on a numerical response. Among the
existing tools for numerical analysis, stand out specific computer packages for structures in fire situations and
commercial packages developed based on the Finite Element Method (FEM), which make it possible to reproduce the
behavior of a structure.

Concern about the safety of structures in fire situation has been around for a long time in many European countries
and in the United States. However, although fire is an extremely important issue, the concern in designing fire-resistant
structures is recent in the Brazilian context.

One of the first finite element programs for the analysis of steel plane frames at high temperatures was designed by
Jain and Rao [4], considering the change in material properties due to temperature increase, creep effect and large
deformations. In the early 1990s, Burgess et al. [5] developed a numerical procedure that analyzed cross-sections of
metallic beams, considering that the thermal and mechanical properties of steel changed with the non-linearity of the
temperature along the cross-section. On passive protections, Wang [6] presented experimental and numerical results,
proposing a new model that aimed to reduce the cost of fire protection coating material in composite beams.

The SAFIR software, a specific computer program for modeling structures in fire situation, was used in
Cazeli et al. [7], in which numerical analyzes were carried out on steel beams in a fire situation, subject to the
phenomenon of lateral buckling. Wong and Ghojel [8] analyzed heat transfer formulations in relation to fire-coated
steel elements and noticed that, for certain types of fire protection coating materials, the temperatures calculated using
EN 1993-1-2:2005 [9] differed substantially from those calculated using analytical solutions. Ribeiro [10] developed a
computational algorithm for performing transient and nonlinear thermal analysis of two-dimensional and three-
dimensional models of composite structural elements, based on the Finite Element Method. The results obtained were
compared with the results found using the procedures of the main text of the revision of the standard ABNT
NBR 14323:1999 [11], elaborated in 2003. In Rodrigues [12], a numerical and analytical study was carried out on the
behavior of composite beams in fire situation, analyzing the fire phenomenon, its types of models, the degradation of
steel properties with the temperature increase, thermal insulation of structures and the mechanisms of heat transmission.

Numerical models of composite steel and concrete partially coated beams were developed, in Rocha and Munaiar
Neto [13], using the computational package DIANA, to evaluate the thermal and structural performance of this
construction system. Fischer and Varma [14] developed 3D finite element models to predict the behavior and failure of
composite beams in fire situations, which include both heating and cooling phases. A computational tool was developed,
in Meldo [15], able to calculate the resistant stress and temperatures of steel beams at room temperature and in fire
situation, according to Brazilian Standards, including ABNT NBR 14323:2013 [2].

In this paper, two-dimensional numerical models of composite steel and concrete beams in fire situation are
elaborated in the commercial software ABAQUS Version 6.14 [1], developed based on the Finite Element Method
(FEM). The objective, based on the development of these models, is to perform thermal analysis of composite beams
without and with fire protection coating of the contour and box types. The results obtained from the numerical models
are compared with the results obtained through the simplified calculation method proposed in ABNT
NBR 14323:2013 [2], to analyze the possible differences between these methods in the temperatures of the steel profile,
shear connector and concrete slab. In this comparison, steel profiles with different dimensions are analyzed to verify
the influence of the profile size on the evolution of the steel “temperature vs time” curve. This analysis is justified by
the lack of papers that use this most recent standard and compare the results with variations in the profiles sizes.

Also, in this context, a new equation is proposed to determine the mass factor of the profile web in situations without
fire protection and with contour-type fire protection coating, as a normative contribution. An analysis of the thermal
behavior of the cross-section of the composite beam without fire protection is made from the results of the modeling,
to verify the evolution of the temperature field and the heat flow during the time of exposure to fire. The maximum
temperature points in each part of the composite section, the effect of the profile mass factor on the temperature rise
and the efficiency of the type of fire protection coating on the steel profile and concrete slab are identified. In addition,
the profile dimensions and the properties of the fire protection coating material that most influence the heat rise rate of
the composite beam are evaluated.
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2 ASPECTS ADOPTED IN STEEL AND CONCRETE COMPOSITE BEAM MODELS

The thermal analysis of a structural element in fire situation corresponds to the verification of the development and
distribution of the temperature field due to the heat transfer between the hot gases of the fire and the structure.

Each composite beam cross-section used in this project consists of a concrete slab with a flat bottom face, supported
on the upper flange of the steel I-beam, containing or not the shear stud bolt connector. This is because, for the
composite beam, a cross-section that passes through the shear connector and a section that does not pass through the
connector were considered. Therefore, the disregard of the connector in the studied model occurs only in the thermal
analysis of the composite section and this does not mean that composite beam does not have connectors between the
steel profile and the concrete slab.

At this step of the thermal analysis, it is assumed that the part of the structural element that is totally immersed in
the flames of the compartment, that is, where are located the steel beam and the bottom face of the concrete slab, is
called “side exposed to fire”, and the upper face of the slab is called “side not exposed to fire”, where there is no fire,
and the air is at room temperature. Figure 1 illustrates the composite beam parts and the regions exposed to fire and
room temperature.

To determine the temperature of the structural element in a fire situation, the “temperature x time” curve of the hot
gases, called standard fire, can be used together with the required time of fire resistance (RTFR), as determined in
ABNT NBR 14323:2013 [2]. The ABNT NBR 5628:2001 [16] recommends the use of the following equation to
determine the “temperature x time” curve of the standard fire:

0, =0y9 +34510g (8t +1) (1)

where ¢ is the time, in minutes; 6, is the gas temperature in the fire environment, in °C; and 6,, is the gas temperature

at the instant ¢+ = 0, in °C. The RTFR, according to ABNT NBR 14432:2001 [17], is the minimum time that a
constructive element must resist fire when subjected to standard fire and can vary from 30 to 120 minutes.

The steel beam profiles (VS Series) used are welded and have dimensions specified by ABNT NBR 5884:2013 [18].
The steel beam profiles are: composite beam 1 - VS 350 x 42; composite beam 2 - VS 650 x 155; composite beam 3 -
VS 250 x 32; composite beam 4 - VS 450 x 60. The choice for this type of profile is related to the greater flexibility of
specifications and variety of sizes, making it possible to obtain profiles with different dimensions. Figure 2 shows the
nomenclatures of the dimensions of the composite beam. It is important to point out that the profiles of the composite
beams 2, 3 and 4 were chosen in order that they had different thicknesses and lengths of the flanges and web and that
the dimensional variations were not disproportionate. Thus, it was considered that the steel profile of the composite
beam 4 was intermediate to the steel profiles of the composite beams 2 and 3. All the slabs used in the composite beams
have an effective width, W, equal to 1 m and a height, H, equal to 0.1 m. The connector used, illustrated in Figure 3, is
the stud bolt and its dimensions are based on the Inox-Par M19 connector.
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Figure 1. Proposed model of composite steel and concrete beam in a fire situation.
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Figure 3. Dimensions of stud bolt connector, in mm.

For this project, contour and box types of fire protection coating were used for the steel profiles (without gaps), with
thickness #,, as shown in Figure 4.

Each cross-section of composite steel and concrete beam is indicated by its number followed by acronyms according
to its boundary conditions, as follows:
» NP-C: has no fire protection coating and contains the stud bolt connector;
* NP-NC: has no fire protection coating and does not contain the stud bolt connector;
* CP-NC: has a contour-type fire protection coating and does not contain the stud bolt connector;
*  BP-NC: has a box-type fire protection coating and does not contain the stud bolt connector.

Contour-type Box-type

tm tm
4

= o )

Figure 4. Fire protection coating: (a) contour-type and (b) box-type.

In all models, a resulting emissivity, «,,, , equal to 0.7, was adopted for steel and fire protection coating material. This
value is standardized by the ABNT NBR 14323:2013 [2], although it mentions this value only for the emissivity resulting
from steel. In accordance with recommendations prescribed in EN 1992-1-2:2004 [19], for the concrete, a resulting
emissivity, ¢, , equal to 0.7 was adopted. The convective heat transfer coefficient, «, , on the side exposed to standard
fire, was adopted equal to 25 W/m?-°C, as prescribed in ABNT NBR 14323:2013 [2]. Regarding the concrete slab, the
heat exchange between the surface not exposed to fire and the environment was considered through an «, coefficient
equal to 9 W/m?-°C, according to recommendations prescribed in EN 1991-1-2:2002 [20]. For all composite beams, the
initial temperature adopted in the cross-section was 20 °C, as standardized by the ABNT NBR 14323:2013 [2].

Rev. IBRACON Estrut. Mater., vol. 14, no. 5, 14509, 2021 4/20



M. S. F. Dias, and V. J. Karam

The thermal properties, such as specific heat and thermal conductivity, and the specific mass of the materials vary
with temperature, however, simplified values of the properties of steel and concrete were used, as prescribed by ABNT
NBR 14323:2013 [2] and ABNT NBR 15200:2012 [21], respectively, which are independent of temperature. The
properties of the fire protection coating material used have similar values to the properties of ceramic fiber coatings,
which are currently commercialized. The suppliers of these materials specify constant values for thermal properties,
that is, they do not vary depending on the temperature. The same fire coating material was used to modeling composite
beams with both contour and box fire protection types. The values of the properties and thickness of the steel, concrete
and fire protection coating materials are shown in Table 1.

Table 1. Properties of the steel, concrete, and fire protection coating materials.

Material
Properties .
Steel Concrete Coating
Specific mass (kg/m?) 7850 2400 320
Specific heat (J/kg-°C) 600 1000 1100
Thermal conductivity (W/m-°C) 45 1.30 0.135
Thickness (mm) - - 13

In the numerical model of the composite beam with box-type fire protection coating, it was considered that the
mechanism of heat transmission that predominates inside the cavity is only the heat conduction through the air,
differently from what is considered in ABNT NBR 14323:2013 [2], where the existence of air is neglected. The values
of the thermal properties of the air are shown in Table 2.

3 CALCULATION METHODOLOGY AND NUMERICAL MODELING

The models used in this paper to obtain the temperature evolution in the cross-section of the composite beam are
the simplified and advanced calculation models. The simplified calculation model refers to the simplified equations of
ABNT NBR 14323:2013 [2], which allow to obtain the temperature rise in a homogeneous way for each part of the
cross-section. The advanced calculation model refers to the resolution of the problem through numerical simulation
performed using the ABAQUS version 6.14 calculation code [1], which provides the researcher with the necessary
resources for the modeling in question.

In the next items, conceptual aspects and procedures related to obtaining the temperature rise in the composite
beams will be presented.

Table 2. Air properties inside the cavity of the box-type fire protection coating, Ribeiro [10].

Thermal conductivity

Temperature (°C) Specific mass (kg/m?) Specific heat (J/kg-°C) (W/m-°C)
20 1.17 1000 0.025
100 0.94 1012 0.032
180 0.78 1025 0.038
260 0.65 1040 0.043
340 0.56 1056 0.048
420 0.50 1073 0.052
500 0.45 1090 0.056
580 0.41 1107 0.060
660 0.38 1125 0.063
740 0.35 1141 0.067
820 0.32 1158 0.071
900 0.30 1173 0.075
980 0.27 1188 0.080

1060 0.25 1201 0.086
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3.1 Simplified calculation method of thermal analysis

ABNT NBR 14323:2013 [2] standardized a simplified method of calculation that aims to determine the thermal
action and design of steel structures and composite structures of steel and concrete in fire situation. The simplified
method of thermal analysis is applicable to structural steel elements with and without fire protection coating material,
located inside the building, fully immersed in the fire environment.

For a uniform temperature distribution in the cross-section, the increase of temperature A6, ,, in °C, of the steel

without fire protection coating over the time interval Ar, in seconds, can be determined by:

pAL (2

where u is the perimeter of the steel structural element exposed to fire, in m; 4, is the cross-sectional area of the steel
structural element, in m?; (u / Ag) is the mass factor for steel structural elements without fire protection coating, in m!;

(u/ A, )b is the value of the mass factor defined as the ratio between the perimeter exposed to the fire of a hypothetical

box that surrounds the profile and the cross-sectional area of the profile, in m™!; p, is the specific mass of the steel, in
kg/m?; and ¢, is the specific heat of the steel, in J/kg-°C.
The heat flow value ¢, in W/m?, is given by:

P=0.+9, (3)
with

0c= (6,6, )
and

0, =5.67x10"%¢,,, [(Qg +273)" (6, +273)“} )

where ¢, is the component of the heat flow due to convection, in W/m?; . is the component of the heat flow due to
radiation, in W/m?; ¢, is the temperature on the steel surface exposed to fire, in °C; 6, is the temperature of the gases,
in °C; ¢,,, is the resulting emissivity; and «, is the convection heat coefficient, in W/m?-°C.

In steel profiles with fire protection coating, the heat reaching the steel depends on the conduction through the
protection coating material, unlike what occurs in the elements without fire protection coating, in which the heat is
transmitted by convection and radiation. Consequently, for a uniform temperature distribution in the cross-section, the
temperature rise A6, ,, in °C, of the steel surrounded by a fire protection coating material during a time interval Az, in

seconds, can be determined by:

AG,, = Ar——5t (©)

where A6, >0 if A6, ,>0

a,t =
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with

_ SmPm Uy
§ - Capa tm [Ag] (7)

where u, is is the effective perimeter of the fire protection coating material, in m; (um /Ag) is the mass factor for

1

structural steel elements with fire protection coating material, inm™; ¢,, is the specific heat of the fire protection coating

material, in J/kg-°C; 2, is the thermal conductivity of the fire protection coating material, in W/m-°C; p,, is the specific
mass of the fire protection coating material, in kg/m?; and :,, is the thickness of the fire protection coating material, in

m.

The time interval At was adopted as 5 seconds for all analyzed cases. When the steel profile is not surrounded by
fire protection coating material or has a contour-type fire protection coating, the temperature distribution in the steel
profile must be taken as non-uniform. In this way, the cross-section is divided into three parts: bottom flange, web and
upper flange. In this case, it is considered that there is no heat transfer between these parts or between the upper flange
and the concrete slab. Therefore, the mass factor u/ 4, or u, /4,,in m!, must be equal to:

* For the bottom flange: Z(bf +tf)/bftf (®)
» For the upper flange overlaid with solid slab: (b_ + 2t f)/b oty 9
» For the web: 2a/¢, (10)

with b,, ¢,, h and ¢, in meters.

For steel components with box-type fire protection coating, a uniform temperature can be considered in the profile.

Regarding the concrete slab, it is considered that the temperature distribution is constant along the effective width
and the temperature variation in the slab height can be obtained from Table A.1 of ABNT NBR 14323:2013 [2], dividing
the slab height into a maximum of 14 slices. In a simplified form, it can be considered the uniform temperature along
the height of the concrete slab, and equal to:

0.-L30, e 1n
=l

where » is the number of slices into which the slab was divided; / is the thickness of the concrete slab, in mm; 6, ; is

the temperature, in °C; and e; is the thickness of a slice j, in mm.

3.2 Numerical modeling in the software ABAQUS

The study of the thermal behavior of composite beams in fire situation through numerical simulations allows more
detailed analysis of some aspects of interest to the composite system, such as, for example, the field and temperature
evolution, thermal gradients, and thermal flows in a certain region. Thus, two-dimensional models of composite beams
are proposed to satisfactorily simulate their thermal behavior in fire situation.

Figure 5. Finite element mesh of the composite beam 1 (NP-C).
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In this paper, all parts of the structural element were defined as solid, homogeneous, and two-dimensional elements.
The finite element used in the discretization of the entire composite beam is DC2D4, a 4-node quadrilateral element
belonging to the heat transfer family. It is important to highlight that the finite element meshes were designed so that
there was node located exactly at each point where it is desired to determine the temperature. Several meshes, less and
more refined, were considered, observing that, after a certain degree of mesh refinement, the results converged to the
presented results. For each model of composite beam simulated in ABAQUS, a different mesh was used, due to the
variations of the sizes of the steel profile. The Figure 5 illustrates the mesh of the composite beam 1 (NP-C).

An analysis step of 7200 seconds was created for a transient response, with an increment of 60 seconds, which
makes it possible to determine the distribution and values of temperatures as a function of time.

In the amplitude of the temperature reached in the composite beam contour, the “temperature x time” curve of the
“Standard Fire” was respected, establishing a maximum gas temperature equal to 1049 °C. Thus, were introduced the
thermal interactions of the composite beam with hot gases and gases at room temperature, and of the steel profile with
the concrete slab, with the fire protection coating material and with the air present in the box-type fire protection coating.
The temperatures are expressed from the scale of temperature in Celsius degrees, considering, in this case, the absolute
temperature equal to -273.15 °C, and the Stefan-Boltzmann constant equal to 5.67 x 10 kW/m?-K*,

In the numerical modeling of these composite beams in ABAQUS, it was considered that there is heat exchange
between the parts of the metallic profile (bottom flange, upper flange and web) and also between the upper flange and
the concrete slab.

4 RESULTS AND DISCUSSIONS

As a result of the thermal analysis, the evolution and distribution of the temperature field is observed in the cross-
section of the entire composite beam. The results of the analysis were divided into four stages: analysis of the thermal
behavior of the composite beam cross-section, comparative thermal analysis (ABAQUS vs ABNT NBR 14323:2013),
analysis of composite beams without fire protection coating material and analysis of composite beams with fire
protection coating material.

4.1 Analysis of the thermal behavior of the composite beam cross-section

This analysis, carried out using ABAQUS program, aims to describe the thermal behavior of the cross-section of
the composite beam 1 in fire situation, without fire protection coating and with the stud bolt connector at the interface
between the profile and the concrete slab. The analysis was made only in this composite beam because the evolution of
the temperature field and the heat flow are maintained with the same pattern in other cross-sections of the same model.

4.1.1 Temperature field of the cross-section

With the temperature field, it is possible to analyze the temperature distribution along the cross-section, observing
the regions that have higher temperatures. Figure 6 shows the temperature field of the composite beam 1 (NP-C) in
120 minutes of fire duration.

Temperature in
Celsius degress:

+3.138e+02

Figure 6. Temperature field (°C), in 120 minutes of fire duration, of the composite beam 1 (NP-C).
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The temperature field in the concrete slab is uniform along the effective width, except in the region that contains
the connector, due to the difference in thermal conductivity between steel and concrete. The concrete slab temperature
is higher on the surface exposed to the fire and decreases as it approaches the surface in contact with room temperature.
It is observed that the steel profile presented the highest temperatures in the composite section and that the connector
does not have a uniform temperature along its height.

4.1.2 Temperature distribution at specific points

It is possible to analyze the temperature field in more detail using the temperature values calculated at certain
specific points and observe the difference in the temperature gradient in each specific part of the composite beam.
Figure 7 shows temperature values at fifteen specific points in the composite section during the fire duration times of
30 and 60 minutes for the composite beam 1 (NP-C).

30 minutes 60 minutes
32 196 | 440 112
326 507
120 \531%0 Ei &7 157~ 288
723 - 5731|799 - 877

684620 figz2 815

838 | 044

834 834|943 043
834\ 942

Figure 7. Distribution of temperatures (°C) in the composite beam 1 (NP-C) for the fire duration times of 30 and 60 minutes.

The upper flange, as it was not fully exposed to fire due to the presence of the concrete slab, reached the lowest
temperatures of the steel profile. All regions of the bottom flange had the same temperature for a certain time of fire.
The web, in addition to having the highest temperature in the cross-section, had a non-uniform temperature distribution
along its length. The temperature of the connector was higher in the region closest to the upper flange due to the
conduction of heat between these two parts. The maximum temperature regions Omax of each part of the composite beam
and the concrete slab sections for thermal analysis are shown in Figure 8.

Section 1  Section 2 Omas (slab)

‘ [ ] m |
Omax (upper flange) / Omax (connector)

Omax (Web)

Omax (bottom flange)

Figure 8. Maximum temperature regions of the composite cross-section parts.
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4.1.3 “Temperature x time” curves

The “temperature x time” curves make it possible to observe the temperature evolution of a certain point in the
cross-section over time. The points chosen for analysis are those with the maximum temperature of the flanges, web,
concrete slab and connector. The “temperature x time” curves of these regions of the composite beam 1 (NP-C), the
upper flange of the composite beam 1 (NP-NC) and the standard fire are shown in Figure 9.

The temperature of the entire composite beam increases with time, as does the temperature of the gases in fire
situation. The “temperature x time” curves of the web and the bottom flange had a more pronounced elevation in
comparison to the other parts of the section in the first 20 minutes, until reaching the temperature equal to that of
atmospheric air. The maximum temperature of the concrete slab develops faster than the temperature of the upper flange
in the first 50 minutes, and then the curves of these parts become similar. The connector was the element that had the
lowest maximum temperature during the entire fire duration.

Composite beam 1

1200
1000 e
_— et *P ot :. |
U .
< 800 =
4
£
= 0600
T
=1
= 400
=
200
0
20 40 60 80 100 120
Time (min)
Standard fire = e = Web (NP-C)
Bottom flange (NP-C) Slab (NP-C)
seeese Upper flange (NP-NC) == « Upper flange (NP-C)

=== Connector (NP-C)

Figure 9. “Temperature x time” curves of the parts of the composite beam 1 and standard fire.

In the “temperature x time” curve of the center of the upper flange of the composite beam 1 (NP-NC), in the section
without the presence of the shear connector, it can be observed that the maximum temperature reached was higher than
the maximum temperature of the upper flange in the section where there is a connector. This shows that the presence
of the shear connector increased the heat flow from the upper flange, causing a decrease in the temperature on the
flange. Therefore, since the flange temperature of the steel profile of the composite beam 1 was analyzed in two cross-
sections (with and without the shear connector), the thermal analyzes can be done without the presence of the connector
and considering the maximum temperature of the upper flange at its center.

4.2 Comparative thermal analysis: ABAQUS x ABNT NBR 14323:2013

The purpose of this analysis is to compare the results obtained by the numerical modeling performed at ABAQUS
with those obtained by the simplified method proposed in ABNT NBR 14323:2013 [2]. In this analysis, it is possible
to compare the temperature of the cross-section of the composite beams 1, 2 and 3 at various times of the fire duration
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in three situations: profile without fire protection coating, profile with contour-type fire protection coating and profile
with box-type fire protection coating.

4.2.1 “Temperature x time” curves

For this step, the composite beam 2, with larger dimensions, and the composite beam 3, with smaller dimensions,
were chosen to verify if the difference in the size and linear mass of the profile generates any influence in the comparison
of its curves. The Equation (10) determined in ABNT NBR 14323:2013 [2] to calculate the mass factor of the web of
the steel profile is dimensionless, that is, it does not have the correct unit representing the mass factor that is m™'. It is

also possible to verify that, when the mass factor of the web, (u / Ag) , s determined, considering the ratio of its perimeter

by the area of its cross-section, the following equation is found:

2x(h+t,)

xt,,

Mass Factor =

(12)

where # and ¢, are in meters and the final unit of the mass factor is in m™'.

Therefore, it is believed that the Equation (10), obtained from the standard, is incorrect. Thus, the “temperature x
time” curve of the web was calculated using the ABNT NBR 14323:2013 [2] method, using the Equation (10), and the
method proposed in this paper, applying the Equation (12), for the profile without fire protection coating and with
contour-type fire protection coating. With respect to the upper and bottom flanges of the steel profile, Equations (8)
and (9), obtained from the standard, provide the correct unit of mass factor, respecting the (u/4,) ratio, and it is not

necessary to propose a new equation for these parts of the steel profile.

Figures 10, 11, and 12 show the “temperature x time” curves from the two calculation methods to the parts of the
steel beam, in the case of the profile without a fire protection coating, with a contour-type fire protection coating and
with a box-type fire protection coating, respectively.

4.2.1.1 Profile without fire protection coating

The “temperature x time” curve for composite beams without fire protection coating can be seen in the Figure 10.

Concerning to the bottom flange, the temperature obtained by ABAQUS was higher than the temperature obtained
using the method proposed by the standard around the first 40 minutes. The difference in the curves obtained through
these two methods was more significant in the profile of the composite beam 2 (NP-NC), and, after that, the two
“temperature x time” curves were equal. Given these results, there was a greater similarity of the curves as the
dimensions of the bottom flange became smaller.

With respect to the web, the curve obtained by ABAQUS was higher than the curve obtained using the standard
method and this difference was smaller in the composite beam 2 (NP-NC). However, the ABAQUS curve was closer
to the curve obtained with a change in the equation of the mass factor of the web, for all profiles analyzed. This shows
that the use of the Equation (12) provides profile temperatures closer to the temperatures obtained by numerical
modeling.

Regarding the upper flange, the “temperature x time” curve obtained by ABAQUS was higher than the curve
obtained by the standard equation in the first 40 minutes and 20 minutes for the profile of the composite beams 2 (NP-NC)
and 3 (NP-NC), respectively. After that time, the curve obtained by the standard method remains slightly higher.

4.2.1.2 Profile with contour-type fire protection coating

In Figure 11, the “temperature x time” curves can be observed for the composite beams with contour-type fire
protection coating.

The “temperature x time” curves of the bottom flange are very close to each other, mainly for the lighter profile,
used in the composite beam 3 (CP-NC).

In the web, there was a more prominent difference between the curves obtained by ABAQUS and standard equation,
which is more evident in the composite beam 3 (CP-NC), and the curves tended to be closer as the profile became
larger, as the case of composite beam 2 (CP-NC). The results obtained by the simplified method with alteration in the
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equation of the web mass factor overestimate the results obtained by ABAQUS, and were closer to the composite beam
2 (CP-NQ).

In relation to the upper flange, the curves are similar in the profile of the composite beam 2 (CP-NC), while in the
profile of the composite beam 3 (CP-NC), whose upper flange has smaller dimensions, the difference between the
curves becomes greater with time.

4.2.1.3 Profile with box-type fire protection coating

In Figure 12, the “temperature x time” curves can be observed for composite beams with box-type fire protection
coating.

The “temperature x time” curves obtained by the standard method are the same in the parts of a same steel profile
because a uniform temperature is considered along the profile. However, each part of the steel profile with box-type
fire protection coating has different “temperature x time” curves obtained by modeling in ABAQUS. It is possible to
note that the curve obtained by the standard method was higher than the curve obtained by ABAQUS in the entire
profile, for any profile analyzed and for the entire fire duration. The difference between these curves was greater over
the fire duration. Comparing the results of steel profiles with different sizes, an increase in the size of the profile did
not significantly influence the difference between the curves of the flanges and the web.
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Figure 10. “Temperature x time” curves obtained by the simplified method and by the advanced calculation method for the
profiles of composite beams 2 (NP-NC) and 3 (NP-NC).
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Figure 11. “Temperature x time” curves obtained by the simplified method and by the advanced calculation method for the
profiles of composite beams 2 (CP-NC) and 3 (CP-NC).

4.2.2 Uniform temperature in the concrete slab sections

This step allows to analyze, in ABAQUS, the temperature of the slab in two sections: one in the connector region
(section 1) and the other located between the connector and the end of the effective width (section 2). For comparison
with the results obtained using the method prescribed by ABNT NBR 14323:2013 [2], composite beam 2 with and
without fire protection coating was used. Table 3 shows these temperatures over four fire times.

Rev. IBRACON Estrut. Mater., vol. 14, no. 5, 14509, 2021 13/20



M. S. F. Dias, and V. J. Karam

Composite beam 2 (BP-NC) -
Bottom flange

1200
& 1000
E 800
5 600 L
2 400 === o
=" e —
g 200 e
I g Py
0 20 40 60 80 100 120
Time (min)
— ABAQUS ===-=- NBR 14323
Composite beam 2 (BP-NC) - Web
_ 1200
¢ 1000
§L=’ 800
E 600 P
é 400 Pl =
e o o S S
0 20 40 60 80 100 120
Time (min)
——ABAQUS ----- NBR 14323
Composite beam 2 (BP-NC) -
Upper flange
_ 1200
¢ 1000
; 800
£ 600 P T
2 400 —
-3 =
§ 200 =]
= -]
0
0 20 40 60 80 100 120
Time (min)
— ABAQUS ====- NBR 14323

Composite beam 3 (BP-NC) -

Bottom flange
_ 1200
$ 1000
2 800 e
E] -t
2 400 e
g e
s 200 —=
]
0
0 20 40 60 80 100 120
Time (min)
——ABAQUS ----- NBR 14323
Composite beam 3 (BP-NC) - Web
1200
¢ 1000
2 800 e
§ 600 s
»7 "1
g 400 - —_
- ) —
§ 200 e | ]
- 0 ” /
0 20 40 60 80 100 120
Time (min)
ABAQUS ----- NBR 14323
Composite beam 3 (BP-NC) -
Upper flange
_ 1200
¢ 1000
2 800 Iy
§ 600 s
2 400 -
= pra | —
£ 200 — — L
= 0 27 "
0 20 40 60 80 100 120
Time (min)
—— ABAQUS ==-=-- NBR 14323

Figure 12. “Temperature x time” curves obtained by the simplified method and by the advanced calculation method for the
profiles of composite beams 2 (BP-NC) and 3 (BP-NC).

Table 3. Uniform temperature in the concrete slab sections.

Temperature of concrete slab sections (°C)

Time (min) NBR 14323 ABAQUS - Section 1 ABAQUS - Section 2
2 (NP-NC) 2 (CP-NC) 2 (BP-NC) 2 (NP-NC) 2 (CP-NC) 2 (BP-NC)
30 190 155 41 23 214 213 213
60 296 327 88 35 369 365 366
90 343 459 146 55 488 479 480
120 361 561 209 81 582 568 568

ABNT NBR 14323:2013 [2] presents an equation to calculate a uniform temperature in the concrete slab that does
not change neither with the properties of the concrete, nor with the type of profile and nor with the presence of a fire
protection coating. For comparison, temperatures were determined in fourteen slices of the slab in ABAQUS and
uniform temperatures were calculated using the Equation (11) from the standard.
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The temperatures in the concrete slab, both in section 1 and section 2, are different from the values calculated
according to the standard. The section 1 of the slab, along its height, presented a different temperature at certain time
for each situation in which the steel profile is (with and without fire protection coating). Among the fire protection
coatings used, the box-type fire protection coating resulted in lower temperature values and the slab showed higher
temperatures when it had no fire protection coating. Section 2 presented the same temperature in any situation where
the composite beam is subjected, depending only on the thermal properties of the concrete of the slab. This section, due
to the highest temperatures, was considered the critical section of the concrete slab; therefore, it is the ideal section to
compare with the values obtained using the standard method. In this section of the slab, the temperature found by
ABAQUS was higher than the temperature found by the use of the standard equation, and this difference was greater
with a longer fire duration.

The same composite beam 2 (NP-NC) was analyzed considering the thickness of the concrete slab equal to 7 cm
through the two calculation methods. It was possible to note that the decrease in thickness increased the uniform
temperature of the slab in the two sections, but still with the temperature obtained by ABAQUS higher than the
temperature obtained by the standard equation. The minimum temperature reached by the concrete slab (section 2
surface not exposed to fire) is higher when the slab thickness is reduced, while the maximum concrete slab temperature
(section 2 surface exposed to fire) has not changed significantly. The decrease in the slab height did not result in a
modification in the “temperature x time” curve of the metallic beam upper flange.

4.2.3 Connector temperature

According to ABNT NBR 14323:2013 [2], the connector temperature can be considered, conservatively, equal to
the highest temperature among those of the connected structural elements. However, this standard specifies that the
design resistant force of a shear connector in fire situation must be determined at a temperature equivalent to 80% of
the temperature of the upper flange of the steel profile. As can be seen in the graph of Figure 9, referring to the composite
beam connector 1 (NP-C) used in item 4.1.3, the “temperature x time” curve of the connector is closer to the curve of
the upper flange, and shows that this element reached the lowest maximum temperature of the composite section. It is
possible to note that the temperature of the connector was, on average, equal to 80% of the temperature of the upper
flange during the first 30 minutes of fire, and higher than 80% after that time.

4.3 Analysis of composite beams without fire protection coating material

This item aims to analyze, using ABAQUS, the temperature rising in the steel section as function of the mass factor
and the dimensions (h, bf, tw and tf) of each part of the steel section and, also, evaluate the development of the concrete
slab temperature during the time of exposure to fire. For this analysis, composite beam 2 (NP-NC), with a larger
dimension profile, composite beam 3 (NP-NC), with a smaller dimension profile, and the beam 4 (NP-NC), with
intermediate dimension profile, were used.

4.3.1 Influence of the mass factor

Table 4 shows the values of the mass factors of the steel profiles and of each profiles parts. It is possible to note that
the profile of the composite beam 3 (NP-NC), with lower linear mass, has the largest mass factor, as well as its parts.
Comparing the results of each part of a profile, the web had a higher value of the mass factor, the bottom flange
presented an intermediate value and the upper flange, being protected from fire in one side, presented the lowest factor.

Table 4. Mass factor of each part and of the metallic profiles of the composite beams 2 (NP-NC), 3 (NP-NC) e 4 (NP-NC).

Mass factor (m™)

Composite beam

Upper flange Bottom flange Web Metallic profile
2 (NP-NC) 46 86 250 110
3 (NP-NC) 115 220 421 235
4 (NP-NC) 87 167 317 194

Figure 13 shows the “temperature x time” curves of the parts of each profile used in this analysis, up to 40 minutes,
to analyze the heating speed of the steel as a function of the mass factor.
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The first minutes of fire are the most important, once are when the profile temperature increases most rapidly.
Comparing the “temperature x time” curves of each part of the profile, among the analyzed profiles, it is observed that
the curves tended to be equivalent at some point.

The parts of the profile of the composite beam 3 (NP-NC), with smaller dimensions and greater mass factor, had a
higher temperature increase. In contrast, the profile of the composite beam 2 (NP-NC), with less mass factor, took longer
to heat up when subjected to high temperature, while the profile of the composite beam 4 (NP-NC) showed an intermediate
temperature increase. It is observed that profile 3 (NP-NC) has a mass factor closer to profile 4 (NP-NC), and the
“temperature x time” curves of these profiles are also closer. This behavior shows that a profile with a greater mass factor
will present the slope of the “temperature x time” curve steeper, indicating that it has a faster temperature rise.
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Figure 13. Temperature development in each part of the steel profiles up to 40 minutes.

4.3.2 Uniform temperature in the concrete slab sections

The uniform temperatures of the slabs of the composite beams 2 (NP-NC) and 3 (NP-NC) were analyzed, with the
objective of verifying the influence of the profile mass factor in the analyzed sections. The temperature values for the two
analyzed sections of each concrete slab are shown in Table 5. In section 1, the highest temperatures corresponded to the
profile of the composite beam 3 (NP-NC), with the highest mass factor and the lowest linear mass. Therefore, the size of
the metallic profile, mainly the length (bf) of the upper flange, influenced the temperature of the region where the shear
connector is located. Hence, higher the mass factor of the profile, higher the temperature in the connector. The temperatures
of section 2 of the concrete slab were practically the same for both profiles, showing that the size and mass factor of the
profile did not influence the maximum temperature of the slab.

Table 5. Uniform temperature in the concrete slab sections of the composite beams 2 (NP-NC) and 3 (NP-NC).

Temperature of the concrete slab sections (°C)

Time (min) ABAQUS - Section 1 ABAQUS - Section 2
2 (NP-NC) 3 (NP-NC) 2 (NP-NC) 3 (NP-NC)
30 155 203 214 214
60 327 365 369 370
90 459 488 488 489
120 561 584 582 584
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4.4 Analysis of composite beams with fire protection coating material

This analysis aims to evaluate the thermal performance of the composite beam with fire protection coating material
and to verify which of the two types of fire protection coating types, contour or box, is the most efficient to delay the
temperature rise in the composite beam. In addition, the influence of the variation in the properties of the fire protection
coating material was analyzed. For this analysis, the ABAQUS was used for the numerical modeling of the composite
beam 2.

4.4.1 “Temperature vs time” curve of the profile parts

In Figure 14, the “temperature x time” curves of the parts of the steel profile without fire protection coating, with
contour-type fire protection coating and with box-type fire protection coating are found. With these curves, it is possible
to verify the effect that the type of fire protection coating has on the heat retardation in steel.

The temperature of the steel profile can increase rapidly or not, depending on the degree of fire protection coating
applied (or its absence). The use of fire protection coating prevented a very rapid temperature rise in the initial minutes,
which can be observed when comparing the slope of the “temperature x time” curves of the profile with and without
fire protection coating, and caused a decrease in temperature in all parts of the profile over the time.

With a contour-type fire protection coating, the upper flange showed a greater temperature drop in relation to the
web and the bottom flange. The box-type fire protection coating showed the highest thermal efficiency, once it ensures
that the surface affected by the fire is largely away from the steel profile. With this type of coating, the highest
temperature is found on the bottom flange, while in the web, which is away from the surface affected by the fire due to
the coating, the temperature is slightly higher than the temperature of the upper flange.
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Figure 14. Temperature development in composite beam 2 with and without fire protection coating during the time of exposure to
fire.

4.4.2 Variation in the properties of the fire protection coating material

This step makes it possible to analyze the influence of each thermal property and the thickness of the fire protection
coating material. For this, the composite beam 2 was used as a reference for cases without fire protection coating, with
contour-type fire protection coating and with box-type fire protection coating. The analyzed situations had only a
thermal property or the thickness changed, with an increase of 20% of its value. Table 6 shows the reference values and
the four cases analyzed, called cases (a), (b), (¢) and (d).
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Table 6. Values of the properties of the fire protection coating material for the cases analyzed.

Fire protection coating material
p 8 Reference values

Case (a) Case (b)

properties Case (¢) Case (d)
Thermal conductivity (W/m-°C) 0.135 0.162 0.135 0.135 0.135
Specific mass (kg/m?) 320 320 384 320 320
Specific heat (J/kg-°C) 1100 1100 1100 1320 1100
Thickness (mm) 13 13 13 13 15.6

The graphs in Figure 15 show the “temperature x time’

> curves of the reference situation and the cases analyzed for

the three parts of the steel profile, with a contour and box-type fire protection coating.

For the profile with contour-type fire protection coating, in case (a), when the thermal conductivity value increased,
the “temperature x time” curve for all parts of the profile was higher, unlike other situations, when the temperature of
the profile tended to decrease with the increase of the properties. The most significant decrease in temperature occurred
in case (d) when there was a variation in the thickness of the fire protection coating. In cases (b) and (c), the curves are
close to the reference curve for all parts of the profile, that is, the increase in specific mass and heat generated an

insignificant decrease in temperature for all profile parts.
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Figure 15. “Temperature x time” curves of reference metallic profile and of the situations analyzed with contour and box-type fire
protection coating.
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Regarding the box-type fire protection coating, the variation in properties had a similar influence to the use of the
contour-type fire protection coating. It is possible to note a greater influence of the variations in the properties of the
fire protection coating material on the bottom flange, where the difference between the “temperature x time” curves of
the different cases and the reference was more accentuated. In relation to the upper flange and the web, changes made
to any property of the fire protection coating material did not result in a significant variation in temperature.

5 CONCLUSIONS

In this paper, thermal analyzes of composite steel and concrete beams were carried out using numerical modeling
and the simplified calculation proposed by ABNT NBR 14323:2013 [2], with the main result being conclusions about
the thermal behavior of the composite cross-section, in addition to the importance of considering fire protection coating.
Considering these results, it can be concluded for the analysis of thermal behavior that:

* The temperature of the entire composite system without fire protection coating has increased over the time, as
expected;

* The profile, connector and concrete slab presented a non-uniform temperature field over the duration of the fire, as
expected,

* The presence of the shear connector decreased the maximum temperature reached on the upper flange.

By comparing the two methods of thermal analysis (ABAQUS and Brazilian Standard), the following conclusions
are reached:

* For all parts of the profile with and without fire protection coating, the “temperature x time” curve obtained by
modeling in ABAQUS had the same trend as the curve obtained by the use of the ABNT NBR 14323:2013 [2]
method, as expected;

» There was a better agreement between the “temperature x time” curves of the web of a profile without fire protection
coating, obtained by the standard equation and by numerical modeling, when the mass factor was changed for the
profile without fire protection coating, which it is justified by the fact that the equation proposed in the present paper
was determined from the definition of the mass factor and provides the correct unit for this factor, which does not
occur with the unit of the standard equation;

» It can be seen from the graphs that the results obtained with the use of the web mass factor equation proposed by
the standard are lower than the results obtained by numerical modeling in the first 40 minutes of fire of the composite
beam without fire protection coating and in all fire duration in the composite beam with contour-type fire protection
coating, which indicates that, in these cases, the values obtained by the standard equation are against safety;

» Itis evident that the greatest discrepancy, comparing the profiles without and with fire protection coating, occurred
for the case with the box-type fire protection coating. This is due to the fact that the standard presents equations that
were developed assuming a uniform temperature distribution in the steel profile;

* The slab had the highest temperatures in section 2. This section, considered the critical section, has the same
temperatures, regardless of the profile conditions;

* In asimplified form, the temperature of the connector can be considered equal to the temperature of the upper flange.
In the analysis of composite beams without fire protection coating material, the following conclusions can be drawn:

» The temperature increase rate of the steel profile in fire situation is proportional to its mass factor. Hence, a greater
mass factor caused a “temperature x time” curve of the parts of the profile that were more steep, as expected;

» The size of the steel profile did not influence the temperature of section 2 of the slab.

In the analysis of composite beams with fire protection coating material, the following conclusions can be drawn:

* The use of both types of fire protection coating was efficient to delay the access of heat to steel, mainly for box-
type fire protection coating;

* The modification in the properties of the fire protection coating material and in the geometry caused a greater
difference when the profile has a contour-type fire protection coating. To have the lowest temperatures in steel, the
correct is to use fire-retardant coating materials with higher values of specific mass, specific heat and thickness.
However, a higher specific mass causes an increase in the weight of the structure and an increase in thickness can
generate a higher material cost.
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