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Summary: Reinforced concrete (RC) structures exhibit complex behaviour when
subjected to fire. Severe thermal action evokes changes in the material microstructure
and thermal-hydral-mechanical properties, depending on the heating rate, moisture,
boundary conditions, geometry and size of the heated member, loading type, chemical-
physical interactions, etc. Extensive experimental material research has led to the
development of mathematical models and numerical procedures that could, to a certain
degree, capture adequately the behaviour of structures under fire conditions. Advanced
modelling guidelines have been proposed in standards, such as Eurocode. Based on
these recommendations and previous efforts conducted by other researchers, a
numerical model is developed in finite element (FE) software ANSYS. The model
incorporates temperature dependent physical, thermal and mechanical properties of
constituting materials and conducts nonlinear heat transfer and structural analysis,
simulating the response of RC frame structure under standard fire action. Explicit
modelling of concrete and steel reinforcement allows monitoring of temperature
evolution in both concrete and reinforcement elements, deformations, section forces and
stresses and strains in reinforcement bars, providing a broad insight into the structural
behaviour at both global and local level. Special consideration is given to the influence
of fire scenario on RC frame behaviour.
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1. INTRODUCTION

In case of fire, structure is exposed to severe external flame temperatures causing
changes in the physical and mechanical properties of the constituting materials. The heat
transfer first occurs between the fluid (hot gas) and the boundary surfaces of the exposed
members by means of convection and radiation. Once the heat penetrates the boundary,
it is further transferred through the member by means of conduction. Since the structure
is already in a state of equilibrium caused by external actions at the time the fire starts,
the increase of temperature affects the stress and strain development in the members,
regardless of the loading remaining constant during fire. The heat transfer process is
non-stationary, with the gas temperature evolving rapidly through time. Fire severity
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depends on a number of factors, including the availability of combustible materials,
ventilation conditions and physical characteristics of the space in which fire is initiated
[1]. In order to establish a standardized comparable method for determining the fire
resistance of members, the fire action is commonly determined using standard ISO 834
[2] temperature-time fire curve. The function is characterised by temperature-time
formulation, providing hot gas temperatures in the compartment dependent only on one
variable - time. Temperature is assumed uniform within the fire sector, which obviously
presents a crude approximation, but is deprived of the uncertainties of various factors
affecting real fire development. Also, as monotonically increasing function, standard fire
curve does not take into account the cooling phase of the real fire development.
Depending on the dominant structural material, design of structures for fire action is to-
date mostly based on simplified methods, which are, to a more or less extent, reliable.
Performance based approach is also permitted, providing a high level of requirements
regarding numerical modelling. Only a relatively small number of computer codes are
currently capable of simulating complex processes of structural fire behaviour. These
codes are generally divided into two major categories: specialized software, such as
SAFIR [3], OpenSEES [4], VULCAN [5] and commercial software, such as ANSYS
[6], ABAQUS [7], etc. While specialized software are being developed at the
universities and research centres, and are optimized in terms of computational
performance, they are often limited by the complexity of geometry and the type of fire
exposure that can be analysed, unlike generalized commercial codes, which are more
robust, but also, computationally more demanding. When analysing structures in fire,
numerical models should be able to provide realistic analysis, leading to a reliable
approximation of the expected behaviour. In general, nonlinear numerical analysis has to
be conducted, taking into account changes in material properties at elevated
temperatures, both thermal and mechanical, as well as the nonlinear temperature
distribution at the element cross-section level.

In the present study, numerical model is developed in ANSYS for the purpose on
analysing the behaviour of reinforced concrete (RC) frame structure subjected to
standard fire. Modelling procedure, as well as assumptions and restrictions for further
application are discussed. Special consideration is given to the influence of fire scenario,
in terms of the position of the fire in the building, and the response is monitored at both
global and local level.

2. NUMERICAL MODELLING

In the proposed model in ANSYS, thermal and stress analyses are sequentially coupled.
First, thermal calculation is carried out for the entire duration of the fire, after which the
structural analysis is performed, taking into account the temperature variation in time,
through the imported internal body temperature of the members.

2.1. Thermal model

Fire analysis should be conducted based on fire risk assessment, aiming at identifying
and prioritising potential risks for fire ignition and development. Generally, during the
design stage, buildings are divided into fire compartments, physically separated by
members (slabs, walls), whose roles are to contain the fire from spreading from one part
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of the building to another. These members are not always load bearing. Sometimes, their
only purpose is to assure compartmentation. Depending on the member’s function,
different fire resistance criteria need to be fulfilled (R - load bearing, E - integrity, I -
insulation [8]), resulting in a fire resistance classification of members, which is based on
standard fire exposure. The classification should clearly indicate the type of criteria the
analysed member meets and the minimum time this type of resistance should be
guaranteed. This is only valid for standardised fire exposure (Figure 1). Using
performance based design approach, fire resistance should be determined by monitoring
performance criteria and assuring fire resistance for the whole duration of fire, calculated
based on real properties of the analysed fire sector.
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Fig. 1. Temperature-time evolution of the standard ISO 834 fire curve [9]

In order to account for a temperature distribution in the exposed members, transient
thermal analysis needs to be conducted. Heat transfer should be calculated taking into
account conduction, convection and radiation.

Complex behaviour that occurs in the material at elevated temperatures can implicitely
be modeled by implementing temperature-dependent properties of concrete and steel,
namely thermal conductivity, specific heat and density, which can be obtained using
experimental testings [10] or recommendations provided in codes for advanced
numerical procedures, such as the Eurocodes dealing with structural fire design (Part 1-2
series). For the case of reinforced concrete structures, [8] provides these relations for the
temperature range expected during fire (Figure 2). Generally good fire resistance of RC
members, in comparison with, for example steel members, is mainly due to concrete
constituent materials, which form an essentially inert material with low thermal
conductivity and high heat capacity. Comparing the thermal properties of concrete and
steel, it can be seen that concrete has relatively low thermal conductivity, acting as an
insulation for the reinforcement, and protecting it from a direct fire exposure, by the
thickness of the concrete cover (assuming full cover integrity during fire). The rate of
heat transfer from the exposed surface to inner layers is measured by the thermal
diffusivity. Lower thermal diffusivity of concrete results in slower temperature rise at a
certain depth in the material.

To consider heat transfer due to convection and radiation, a convective heat transfer
coefficient and emissivity of the exposed materials should be determined, respectively.
For the standard fire exposure and concrete material, these can be obtained from [8] and
[9] as a. =25 W/m?K and € = 0.7 for the exposed surfaces and a. =4 W/m’K and £ = 0.7
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for the unexposed. According to [9], radiation on the unexposed side can be omitted, but
in that case, the convective heat transfer coefficient should be adopted as a. = 9 W/m?K.
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Fig. 2. Thermal properties of concrete and steel at elevated temperatures [8]

In both thermal and structural analysis, concrete geometry is modelled using solid
bodies, while reinforcement is modelled using line bodies. For the thermal analysis,
geometry is further discretized using 8-node solid70 brick element and a uniaxial 2-node
link33 line element, for concrete and reinforcing steel, respectively, with a single degree
of freedom at each node, temperature. The time step for the iterative calculation
procedure should be chosen adequately, to avoid the appearance of space oscillations of
the solution [11], depending on the material thermal properties and the size of the finite
element in the dominant direction of the heat transfer. Taking this into account, the mesh
element size is adopted as 1.25 cm. A tie constraint is used to apply temperatures from
concrete to reinforcing bars at the coinciding node locations. Convection and radiation
are applied on both exposed and unexposed surfaces of the members using surfl52
planar elements.
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2.2. Structural model

The constitutive material models for concrete and steel are adopted according to [8].
Proposed stress-strain relations for concrete implicitly account for thermal creep effects
and are applicable for heating rates between 2 and 50 K/min. Concrete is modelled using
nonlinear constitutive concrete material model of William and Warnke [12], combined
with multilinear isotropic hardening plasticity, following stress-strain curves provided in
[8]. The model is constructed based on an elastic perfectly plastic formulation which is
augmented by a brittle failure condition in tension. In both cases it is assumed that the
normality principle determines the direction of the inelastic deformation rates for ductile
as well as brittle post failure behavior. Cracking is permitted in three orthogonal
directions through modification of the stress-strain relations by introducing the plane of
weakness in a direction normal to the crack face. The isotropic stiffness matrix is
replaced by an orthotropic matrix upon crack formation. Stress normal to the crack
direction is softened until zero value is reached. The open and close crack shear transfer
coefficients, f; and f., representing the amount of shear force transferred through opened
and closed crack are adopted as 0.4 and 0.8, respectively (0 indicating smooth crack with
a total loss of shear transfer and 1 indicating rough crack without any loss of shear
transfer). Tensile behaviour of concrete before cracking is assumed to be linear elastic.
When the tensile strength is exceeded, the stress is suddenly reduced to 60% of the
tensile strength, after which it linearly descends to zero at six times the strain value at
maximum tensile strength (Figure 3). Once cracks form, they can close and reopen, but
their directions remain fixed. If the material at an integration point fails in uniaxial,
biaxial, or triaxial compression, it is assumed to crush at that point, leading to a complete
deterioration of the structural integrity of the material, with a neglected contribution to
the stiffness of an element at the integration point. Although this kind of material
modeling represents the concrete behaviour more realisticly, it introduces severe
numerical convergence problems which could be very difficult to overcome, often
acquiring crushing of the elements to be omitted in the analysis. The nonlinear behavior
of concrete can be accounted for with the addition of plasticity model, such as
multilinear isotropic hardening plasticity (MISO), which could be used to define stress-
strain relations prior to crushing. The stress-strain uniaxial response is defined through a
series of points, where the slope of each subsequent line consisting of two consecutive
points, needs to be smaller than the previous, but has to remain positive. If crushing
capability of the material model is omitted, after reaching its maximum, the compressive
strength is kept constant with further straining, providing perfectly plastic response. The
nonlinear definition, thus, can be defined up to the maximum compressive strength,
without the capability of modelling the descending branch of the stress-strain response.
The material reference of this model [13] suggests that if cracking or crushing
capabilities are present, geometric nonlinearities, such as large strain, large deflection
and stress-stiffening effects, should not be considered in the analysis. For many
reinforced concrete applications, the absence of these effects would not influence the
structural response, but in some cases, where deformations and stresses can lead to
second order, P-D effects, the usability of this model would be questionable.
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Fig. 3. Temperature-dependent stress-strain relations for concrete

This concrete model is only applicable if the geometry is discretised using 8-node
solid65 brick elements. These elements can also be used to account for reinforcement, in
an implicit way, by determining the real constant, which smears the stiffness of
reinforcement over the concrete element. This approach could be more favourable if the
aim of the analysis is directed towards determining the global response of the structure.
If, however, the aim is to determine cloesely the development of temperatures, stresses
and strains in reinforcement bars, steel elements should be modeled explicitly. This
discrete approach implies that each reinforcement bar should be modelled as a separate
body. Reinforcement bars, both longitudinal and transverse, are modelled as a uniaxial
2-node 1link180 line elements, with 3 translational degrees of freedom at each node. The
nodes of the reinforcement and the surrounding concrete elements coincide and are
coupled. Multilinear isotropic hardening plasticity model is assumed, since large strains
are expected to develop, following stress-strain definitions according to [8] (Figure 4).
Mechanical properties of concrete and steel used to generate nominal stress-strain-
temperature relations are converted into true stress-strain curves, to account for
dimensional changes and to provide more realistic representation of the material
behaviour [14], using following relations:

Gtrue = Gnom( 1 +8nom)
Etrue = ]I‘l( 1 +€nom) (1 )
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Fig. 4. Temperature-dependent stress-strain relations for steel

Thermal strains of both concrete and steel are nonlinear with regards to the temperature
[8] (Figure 5) and are significantly affecting the magnitude of deformations of members
during fire.
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Fig. 5. Thermal properties of concrete and steel at elevated temperatures [8]

In general, mesh size does not have to be the same for thermal and structural model, and
for structural model is adopted as 5.0 cm, except in the regions of severe thermal
gradients (concrete cover), where the element size is reduced to 2.5 cm (Figure 6).

a) Concrete mesh b) Reinforcement mesh
Fig. 6. Structural model FE mesh of the beam-column joint
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2.3. Restrictions and limitations

The thermal-structural analysis is not fully coupled. Thermal response is calculated on
undeformed geometry, independent on the mechanical response during heating. The
main drawback of this method is the inability to predict concrete spalling, which is
especially significant in the first 30 minutes of fire, when high temperature gradients and
increase in pore pressures could lead to chunks of concrete being detached from the
members, exposing the reinforcement directly to fire. While spalling can have significant
effect on fire resistance, it is less pronounced for ordinary performance concrete with
low moisture content assumed [15].

Bond-slip between steel reinforcement and concrete is not taken into account. Perfect
bond is assumed, resulting in equal total strain in the reinforcement and concrete in the
contact region.

Transient creep strain in concrete is modelled implicitly, according to [8]. Since cooling
phase is not considered, this would not affect the overall behaviour of the structure.

3. RC FRAME STRUCTURE

A three-storey two-bay RC frame structure, designed for ductility class M and a peak
ground acceleration of 0.2 g, according to [16] is subjected to standard ISO 834 fire,
covering the entire floor in a certain fire scenario. Given the structural regularity and the
symmetries in terms of geometry and loading conditions, only 1/4 of the central plane
frame is analysed. Fire analysis, as accidental load combination, accounts for total
permanent load and 50% of the imposed load [17]. Fire limit state load, model geometry
and adopted reinforcement for a central frame are presented in Figure 7. Concrete grade
C30/37 mixed with siliceous aggregate and reinforcement S500 type C, are considered in
the design.
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Fig. 7. Geometry, boundary and loading conditions
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To account for a more realistic heat transfer, a part of the RC slab with a thickness of
15 cm is modelled in the thermal analysis. Even if neglected in the subsequent structural
analysis, the slab presents physical barrier and prevents vertical fire spread in the
building, as well as protects the beams in case of side exposures by its thickness. As a
surface element, the insulation criteria [8], assuring that fire will not spread to the
surrounding sector by heat transfer, can be determined by monitoring the temperature
rise on the unexposed slab surface.

4. THERMAL AND STRUCTURAL RESPONSE

Temperature profiles in concrete members at the cross-section level and temperature
histories of main reinforcement bars are presented in Figures 8-9. The insulating
property of concrete cover is evident (assuming spalling does not occur) and can be
highlighted by comparing the concrete surface temperatures and reinforcement
temperatures. In the first 30 minutes of fire exposure, thermal gradient in the concrete
cover is the highest, resulting in large tensile stresses induced by thermal expansion that
lead to severe cracking of concrete. Temperature of the main reinforcement bars
positioned in the unexposed zone of the beam members gradually increases, but remains
relatively low, assuring full load bearing capacity of reinforcement.
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Fig. 8. Temperature profiles of exposed columns and beams
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Fig. 9. Temperature evolution in reinforcement and on unexposed slab surface

Temperature rise at the unexposed slab surface assures 247 minutes of insulation
criterion, requiring average temperature rise on the unexposed size to be limited to
140°C [8].

Increase in deformations of RC members during fire is governed by the thermal
expansion and degradation of material strength and stiffness. Columns initially extend
upwards due to thermal expansion, but as the strength and stiffness are reduced with
higher temperatures, after 240 minutes, middle column vertical thermal expansion
becomes less dominant than the deformation from the applied external load, resulting in
the total vertical displacement shifting downwards. Evolution of maximum horizontal
displacement, governed by the thermal expansion of heated beams and shear resistance
of columns, presents initially steep rise, with the rate of displacement reduced in time as
the beam softens due to heat penetration (Figure 10).
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Fig. 10. Vertical and horizontal displacement of exposed columns
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Stress-strain curves and plastic strain evolution in time of reinforcing bars in the section
B1 (see Figure 7) are presented in Figure 11. Plastic strains start to develop after 80
minutes, first in the heated top corner bars, followed by yielding of bottom corner and
middle bars at 111 and 125 minutes, respectively, whose temperatures remain slightly
above ambient.
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Fig. 11. Stress-strain and plastic strain development in reinforcement bars in section Bl

Critical cross-section in the Beam 2 is located at a section where additional top
reinforcement bars are no longer required. Suspension of additional reinforcement
results in a redistribution of stresses to corner bars, eventually exceeding their load
bearing capacity and causing them to yield (Figure 12).
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Fig. 12. Stress-strain and plastic strain development in reinforcement bars in
Beam 2 critical section

Although exposed columns are heated from all four sides, total mechanical strains in
time are below the arbitrary 2%. Plastic strains start to develop in corner bars after 73
minutes, and in side bars after 202 and 268 minutes, but yielding of bars does not occur.

5. INFLUENCE OF FIRE SCENARIO ON STRUCTURAL RESPONSE

Analysis is further expanded to account for different fire scenarios, by assuming that fire
could develop on each floor, representing separate fire compartments. Since thermal
response is dependent on the type of fire, material and geometrical properties of exposed
members, different fire scenarios result in the same temperature distribution translated to
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the elements exposed to fire. Maximum horizontal displacements occur when the fire is
located on the top floor of the frame due to larger rotation of the beam-column
connection. Vertical deformations of beams are larger in case of beams exposed to fire
from bottom and side surfaces, enabling faster penetration of heat, compared to beams
exposed only from the top (Figure 13).
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Fig. 13. Horizontal and vertical deflections depending on the fire scenario

6. CONCLUSION

Structural fire behaviour can be analysed using numerical simulations that can
adequately capture both thermal and structural response, taking into account changes in
material properties at elevated temperatures. Proposed model can determine the
evolution of deformations, stresses and strains at global and local level in RC frame
structure, which can identify critical regions that need special consideration when
structural integrity might be at risk in the events of fire.

In order to secure a favourable behaviour of RC structure during fire, integrity of
concrete cover needs to be assured, to provide thermal protection of reinforcement and
concrete core of the exposed member’s cross-section. Concrete slab, as a boundary
element of the fire compartment, with a thickness of 15 cm, can provide 4 hours of
insulation criterion for standard fire exposure. When analysing the global effect of fire, it
is important to consider possible fire scenarios. While fire scenario anticipating fire
development on higher floors might be more favourable for building evacuation, it can
cause more severe structural deformations and damages that could result in local
failures, eventually leading to a progressive global collapse of the building. Although
irreversible deformations develop in both concrete and reinforcement during fire, global
structural integrity can be secured if proper design methods are applied. Analysed RC
frame structure, designed for seismic action according to Eurocode standards, also
possesses adequate fire resistance, mainly due to load bearing and deformation capacity
reserves, demanded by the design procedures for seismically resistant structures.
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CaBpemeHa pocturHyha y rpafleBuHapctBy 22-23. anpun 2021. Cy6otuua, CPBUJA

HYMEPUYKA CUMYJIALIMJA OAT'OBOPA
APMHUPAHOBETOHCKOI' OKBHPA VY IIOXKAPY

Pesume: Apmupanobemoncke (A5) koncmpyxkyuje noxasyjy crodceno nonauiare Kaod
cy u3nodcene noocapy. 3HAUAJHO  MEPMUYKO  0€jCmE0  U3a3uea NpomeHe Y
MUKPOCMPYKIMYPU Mamepujana u mepMuuKo-XUopaiHo-mexaHuukum ceojcmeuma, y
3agucHocmu 00 Op3une 3azpesarbd, GIANCHOCHU, ZPAHUYHUX YCII08A, ceomempuje u
oumensuja  sazpesanoz  eiemenma, muna — onmepefierbd,  XeMUjCKO-QPUIUUKUX
unmepaxyuja  umo. Oncedxcna eKCNepuMeHmaIna —UCMpadiCugara mamepujana
omozyhiuna cy paseoj mMamemamuukux MoOeia U HYMepuukux npoyeoypa, Koju, y
oopelenoj mepu, MO2y a0eK8amHo O0a 0Oyxeame NOHAULAFE KOHCMPYKYUjA V YCI08UMA
noxcapa. CmepHuye 3a HanpeoHo MoOeauparbe NpediodiceHe cy y CmaHoapoumd, nonym
Espoxooa. Ha ocnogy o6ux npemnocmasku u npemxoOHUX HAnopa Opyeux
UCMpadicuéaua, pazeujen je Hymepuuku Mooen y npozpamy Ha 6asu memooe KOHAUHUX
enemenama (MKE) ANSYS. Mooenom ce obyxeamajy memnepamypHo 3a6ucha Qu3uika,
MepMuuKa U MEexaHuuyka CGOjCmea Mamepujaia u Chnpoeoou ce HeNUHeapHu NnpeHoc
monnome u CMpYKmMypaina aHaiusa, yume ce CuMyiupa 002060p Ab oxeupa uznodicenoz
cmanoapoHom noxcapnom oejcmsy. Excnauyumuum mooenuparem b6emona u uenuune
apmamype omoeyheno je npaherwe passoja memnepamype nocebno y 6GemoHCKUM U
YeNUYHUM eleMeHMUMA, 3amum oeghopmayuja, npeceunux cuia u Hanona u ouramayuja
Y apmamypHum wiunkama, npysicajyhu oncescan ysuo y cmpyKkmypaiHo noHaulare u Ha
2nobarnom u Ha aoxannom Hueoy. Iloceban axyenam je dam Ha ymuyaj nosicapmoz
cyenapuja na nonawaree Ab oxeupa.

Kwyune peuu: noowcapua omHOpPHOCH, HNPEeHOC MONIOMe, NONCAPHA —AHATU3A
KOHCMPYKYUja, HyMepuiKo MoOeiuparse
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