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Finite element computational
development for thermo-
mechanical analysis of plane
steel structures exposed to fire

Abstract

This article presents a numerical formulation based on finite element procedures
for application in nonlinear thermo-mechanical analyses of steel planar structures
under fire condition. The mechanical properties of structural elements degrade when
subjected to high temperatures, resulting in significant reductions in strength and stiff-
ness. Under these conditions, the structures present complex behaviors associated with
nonlinear models, requiring an advanced mathematical analysis. As such, a computer
program called NASEN has been developed to investigate the behavior of steel
structures subjected to fire, considering the effects of geometric and material nonlin-
earity, as well as the thermal gradients acting on the cross-section. The solution strat-
egy is based on sequential coupling of numerical processes. Initially, the two-dimen-
sional thermal field is determined, followed by an assessment of structural behavior.
In each solution step, corrective processes are implemented to ensure convergence
of the temperature and displacement nodal vectors. Numerical experiments are
performed in order to evaluate the accuracy and capacity of the computer program.
Results are compared with experimental tests and computer simulations found in
pertinent literature. The program shows good agreement with reference solutions,
indicating its accuracy and applicability for the cases studied.

Keywords: finite elements, fire analysis, thermo-structural, steel, advanced
computational method.

REM, Int. Eng, ., Ouro Preto, 75(1), 9-18, jan. mar. | 2022

9



Finite element computational development for thermo-mechanical analysis of plane steel structures exposed to fire

10

1. Introduction

The various occurrences of fire
throughout history, associated with tech-
nological advancement, increased the
demand for scientific research concerning
the analysis of structures subjected to
high temperatures. As such, standardized
design guidelines were developed to im-
prove structural safety and minimize risks
associated with the eventual incidence of a
fire. The Brazilian Association of Technical
Standards (ABNT) published a number of
guidelines on the subject. These Brazilian
standards are a result of extensive research
in the field of fire safety engineering. In ad-
dition, well-known international standards
are cited, such as the EN 1991:2002, EN
1992:2004 and EN 1993:2005.

Generally, the standards not only
present simplified design methods, but
also prescribe the application of advanced
methods for the analysis of structural ele-
ments exposed to fire, as well as the use of
experimental tests. Certain scenarios are
beyond the scope of the simplified meth-
ods, requiring the use of advanced analysis
procedures. As such, the ever-increasing
development of computational resources
makes this approach an excellent alterna-
tive for verifying the behavior of structures
exposed to high temperatures, allowing
improvements in cost-benefit, overall de-
sign, simulation of load types, resistance
and safety criteria (Purkiss and Li, 2013).
The analysis of structures under fire aims
to verify the behavior of structural elements
subjected to external effects of thermal ori-
gin. The response of the structural system
is obtained by determining stresses, strains
and displacements resulting from thermal
effects, in addition to quantifying the degra-
dation of thermo-mechanical properties of
materials as a consequence of temperature
increase within the structural elements
(Caldas, 2008).

In this context, numerous researches
were carried out in the area of computa-
tional development for fire safety engineer-
ing, providing important recommendations
for analyzing the performance of structures
subjected to fire. Initially, thermal analyses
of structural elements exposed to fire con-
sider a transient regime and nonlinear char-
acteristics. These analyzes are performed
with advanced computational models,
mostly based on the finite element method
(FEM). Amid numerical codes developed
to predict thermal fields, Wickstrom (1979)
stands out among pioneering researches for
the development of the computer program

TASEF-2. The program uses a rectangular
finite element mesh, accounting for material
and boundary condition nonlinearity.
Additional algorithms for numerical
treatment of heat transfer by convection and
radiation in cavities are also presented. Ri-
beiro (2004) developed THERSYS, a com-
puter program based on FEM for transient
thermal evaluation of two-dimensional and
three-dimensional steel, concrete and steel-
concrete composite structures. The author
validated the program with numerical data
from programs that are well-established
in the scientific community, comparing
results from numerous cases with proce-
dures prescribed in the Brazilian standards.
Pierin et al. (2015) presented a numerical
program called ATERM, which performs
two-dimensional thermal analysis using
linear triangular and rectangular finite ele-
ments, including specific treatments for air
enclosed in cavities. The program features
a didactic interface, allowing the definition
of various geometries, boundary conditions,
materials and other parameters. Following
the same line, Pires et al. (2018) presented
an application of the computational mod-
ule CS-ASA/FA, capable of performing
analyzes with different solution strategies,
such as simple incremental processes, Picard
and Newton-Raphson iteration methods.
Regarding researches on computational
development aimed at thermo-structural
analysis, Franssen (1987) presented a com-
putational model based on the finite ele-
ment method for analysis of steel-concrete
composite plane frames subjected to high
temperatures. Said program, called CEFI-
COOS, is the first computer program for
analysis of structures under fire developed
at the University of Liege, in Belgium. Sub-
sequently, the calculation procedures were
improved and expanded, resulting in the
SAFIR program, which included different
element types, three-dimensional analyses
and constitutive models (Franssen, 2005).
This program is widely known and used in
the scientific community to assess and ana-
lyze the behavior of structures subject to fire.
Wang and Moore (1995) developed
a computer program based on the finite
element method that studies the behavior
of steel and reinforced concrete structures
under fire considering uniform and non-
uniform temperature distribution. The
program features semi-rigid connections,
second-order effects, effects of residual
stresses and the consideration of initial im-
perfections. Tu (2004) developed a formula-
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tion for the analysis of steel structures under
fire using the finite element method, based
on principles of the plastic hinge method.
The nonlinear equations were solved with
the Newton-Raphson method. The pro-
gram considers effects of geometric and
material nonlinearity, as well as the strain
hardening of steel. Reduction in material
strength as a result of increased temperature
is approximated by a set of temperature-
stress-strain curves. Additionally, the
program also allows analyses during the
cooling phase of the structure.

In Brazil, Landesmann (2003) de-
veloped the PNL-F computer program
for non-linear elastoplastic analysis of
plane steel frames under fire conditions.
The thermal analysis is conducted by a
one-dimensional transient thermal model
based on the finite element method. The
structural analysis was based on concepts
of the concentrated plasticity method,
obtained from the improvement of plastic
hinge models, tangent modules, stability
functions and inelastic strength reduction
surfaces, allowing estimation of the criti-
cal time of fire resistance associated with
structural collapse mechanisms. The author
later revised the developed program, call-
ing it SAAFE. Several additional studies
in this area were conducted to investigate
the behavior of structures, such as Mouco
(2008), Rigobello (2011), Ribeiro (2009)
and Caldas (2008). Barros (2016) recently
implemented two new modules to the
CS-ASA program, aimed at obtaining the
temperature distribution at the cross sec-
tion and performing inelastic second-order
numerical analyses of steel structures ex-
posed to fire. The principles adopted by the
program, to model the inelastic structural
behavior, are based on the refined plastic
hinge method coupled with the strain
compatibility method (Barros et al., 2018).
Later, Maximiano (2018) expanded the
program’s functionalities to study the be-
havior of steel, reinforced concrete beams,
columns and frames subjected to fire.
Prakash and Srivastava (2019) developed
a fully coupled hydro-thermo-mechanical
formulation, based on the direct stiffness
method for analysis of reinforced concrete
and steel spatial structures. The stiffness
matrix is constructed by directly integrating
stability and curvature functions with the
effects of material properties as a function
of temperature, fire damage, pore pressure,
nonlinear thermal gradients and large
deformations of structural elements.
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Figure 1 - (a) Levels of discretization of the structural element and (b) general solution procedure.

The investigations and numerical
analysis carried out in this study are
performed with the computer program
NASEN (Numerical Analysis System for
Engineering). The computational imple-
mentations in the program are developed
in a MATLAB R2015a environment,
based on structured programming. The
program features modules capable of per-
forming advanced numerical analyses of
numerous classic engineering problems. So
far, the program is applicable to the initial
solution of structural, thermal, thermo-

2. Basic formulation of fire analysis

The computational model imple-
mented to solve the thermomechanical
problem of plane steel structures exposed
to high temperatures focuses on three es-
sential aspects of numerical simulations of
this nature. Firstly, a heat source equiva-
lent to fire is modelled based on norma-
tive curves prescribed in EN 1991:2002.
Subsequently, thermal analysis of the
cross-section is performed, followed by
the definition of structural displacements.
Moreover, the following basic assump-
tions of the physical-mathematical formu-
lation adopted in the fire analysis:

(i) The cross-section area of the

2.1 Thermal analysis

The prediction of the thermal field
at the cross-sectional level of the struc-
tures is simulated separately from the

where Tis the temperature, Q is the heat
source, p is the specific mass, ¢ is the
specific heat and D = Ik is the thermal

mechanical and acoustic problems. Specif-
ic sub-routines for treatment of structures
subjected to fire are also included (Neves,
2019; Neves et al., 2020). In this study,
the performance of the computational
modules developed for the analysis of
planar steel structures under high tem-
peratures is evaluated. Two computational
modules were used from the NASEN pro-
gram. The first code, NASEN/TA-FIRE
(Thermal Analysis - Fire), determines
the temperature distribution throughout
the cross-section of structural elements

member is assumed undeformed due to
applied load and high temperature;

(ii) The temperature distribution in
the steel cross-section is not considered
uniform, as is the case with simplified
calculation methods. The thermal strain
which consists of both thermal axial strain
and curvature;

(iii) The plane sections remain plane.
It assumes that any section of a beam that
was a flat plane before the beam deforms
will remain a flat plane after the beam
deforms (Bernoulli-Euler hypothesis);

(iv) Shear deformation and warping
deformation are neglected;

one-dimensional beam-column model,
as shown in Figure 1a. Thus, based on
the principle of energy conservation,

ar

V'D(T)VT +0 = p(T)c(T) y

conductivity matrix for an isotropic
material. The behavior of physical prop-
erties for steel and concrete as a function

REM,

with FEA. The second code performs
thermo-mechanical analyses of struc-
tures under fire. This module, designated
NASEN/TSA-FIRE (Thermal-Structural
Analysis-Fire), considers the degradation
of physical and mechanical properties
as a result of increased temperatures, as
well as material and geometric nonlinear-
ity. The interface between thermal and
structural analyses is achieved by defin-
ing equivalent properties and the thermal
fixed-end forces present in the elements
exposed to fire.

(v) Local buckling effects that occur
on the flanges and web of steel profiles are
not considered in the formulation. Thai et
al. (2017) and Maraveas (2019) show more
information on the consideration of local
buckling in structures under fire conditions;

(vi) The strain is small, but arbi-
trarily large deformation and rotation
are allowed;

(vii) Effects from higher than sec-
ond-order terms are neglected in the
mathematical formulation.

(viii) The applied loading does not
change during the fire and only indepen-
dent loading is considered.

the governing equation for nonlinear
transient heat conduction (Purkiss and
Li, 2013) is given by Equation (1).

M

of temperature increase, follows the
mathematical formulas described in EN
1992:2004 and EN 1993:2005. In a fire
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situation, the structural elements are
subjected to a combination of convec-

where o is the equivalent convection-
radiation heat transfer coefficient, n is
the normal unit vector at the boundary
and T is the temperature of the gases
around the structure under fire, usually

aT
N pcNI—LdQ+ [B'DB{T{dQ = [N'QdQ - [N'g,dT

where N = [N, N, ... N ] is the vector
that contains the shape functions and
T=[T T,..T]is the approximated tem-

where C, is called the thermal capacity
matrix, K, is the total capacitance ma-
trix and F, is the vector of thermal loads.
Temporal discretization is based on finite

tion and radiation heat transfer. These
effects are considered in the boundary

—(VTT)Dn =g, =a(T -T,)

modeled by standardized temperature-
time curves, as can be seen in EN
1991:2002. For thermally insulated
surfaces, the heat flow is zero, that is,
g, = 0. Applying differential-integral

perature nodal vector. The gradient vec-
tor can be written in conjunction with
the finite element interpolation function,

T
CB{E}H(H{T} ~F,

difference approximations applied to the
time-dependent ordinary differential
equation (Neves, 2019; Reddy, 2015).
Finally, these procedures result in an

conditions of the problem in linearized
form according to Equation 2.

()

calculus and using finite element ap-
proximations (Reddy, 2015), the dis-
crete variational formulation for heat
diffusion problems in transient regime
is given by Equation (3).

©)

VT =VNT = BT. Thus, after spatial discretiza-
tion, it is possible to rewrite Equation (3) in the
compact matrix form given by Equation (4).

(4)

effective algebraic system that provides
the temperature at each node of the two-
dimensional mesh at instant n + 1, given
by Equation (5).

[CH +ﬁAtI(5]{1:.+1}=[Cﬁ_(1_/j)AtKe:|{Tn}+ At[“‘ﬂ)ﬁw +ﬁFan+1] (5

where At is the time step and f3 is the
parameter that controls the time in-
tegration scheme. The present work
adopts the Galerkin method (8 = 2/3),
characterized as an unconditionally

2.2 Thermal-structural analysis
The structural analysis consid-
ers a one-dimensional plane beam-
column model with three degrees of
freedom (DOF) in each node. More

where Au=A{u,, v, 0. uv0}is the
displacement incremental vectors

and the force incremental vectors is

The geometric matrix (Kg) ac-
counts for the nonlinear portion of the
structural problem, and is obtained

The matrix of elastic properties
is written as a function of equivalent

stable method. In addition, Equation
(5) is of nonlinear nature due to the
temperature-dependent properties
and the presence of convection-radi-
ation boundary conditions. Thus, an

specifically, two translations and one
rotation, as shown in Figure 1a. Based
on the principle of virtual displace-
ments, using the updated Lagrangian

{af} =[K, J{au}

Af={P F M P FM} Theelemen-

n+l = n+l n+l " n

tary stiffness matrix (K ), obtained by
summation of matrices associated with

[KJ=[R] [K ][R] [ ]

with a simplified theory, disregarding
the combined incidence of axial and
flexural behavior. In addition, R is a

2EI /L
AEl /L

AFI /L
k =|2E1 /L

EA /L

axial (EA) and flexural (El) stiffnesses,
both calculated based on the modulus
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incremental-iterative strategy called
the Newton-Raphson method is im-
plemented in the code, in which the
convergence tolerance is predefined by
the user.

method and the hypotheses of the
Euler-Bernoulli theory (Yang and
Kuo, 1994), the incremental equation
is given by Equation (6).

(6)

the linear and nonlinear behaviors,
according to Equation (7).

)
transformation matrix, of order 3x6.

The linear elastic stiffness matrix (K)
is represented by:

(8)

of elasticity, area and distance between
the center of gravity and each fiber of



the structural cross section. Reductions
in the value of the longitudinal elastic
modulus as a result of high temperature
exposure may be represented by different
mathematical models.

For elements exposed to fire, specific

Py =f€mEedA =~ thh,kEe,kAk
A =1

The variable ¢, represents the
thermal elongation of the material as a
function of temperature, determined in
accordance with recommendations from
the EN 1991: 2002. The equivalence is

P = [f,0dA = Zf}akAk
A =1

where f represents the steel strength limit
as a functlon of temperature, obtained
based on the EN 1993:2005 recommen-

2.3 Computer program information

To perform the simulation and
modeling of the behavior of structural
elements under fire situation, the com-
puter program developed is based on an
uncoupled mathematical strategy. The
temperature distribution is previously
calculated, disregarding the mathematical
coupling between thermal and mechani-
cal effects. Subsequently, a mechanical
analysis is performed in which the inci-
dence of thermal effects is included in the
structural model. This methodology was
applied by several researchers, as seen in
the Caldas (2008), Landesmann (2003),
Ribeiro (2009), Neves et al. (2021) and
Maximiano (2018). To illustrate this idea,
Figure 1b shows the global scheme of the
solution process.

Regarding the general solution strat-
egy, the program starts with the prelimi-
nary nonlinear analysis of the structure in
ambient temperature subjected exclusively
to external loads. During the fire exposi-
tion phase, for each time interval, the tem-

3. Numerical experimentation
The examples used for the NAS-

EN program tests and validations
consist of isolated columns and plane

treatments related to thermal effects on
the structure must be carried out. The
equivalent nodal forces are obtained by
assuming that both ends of the beam-
column element are totally restricted
(Landesmann, 2003; Mouco, 2008). The

n

completed by summation of the thermal
fixed-end force vector with the vector of
forces of the structural system.
Considering a non-uniform tem-
perature distribution across the cross-

dations. The plastic strength limits of the
cross-section, under ambient temperature
conditions (20°C), do not change at all,

perature of the gases in the environment is
updated and, based on advanced calcula-
tion methods, the temperature field in the
cross-section, equivalent properties associ-
ated with stiffness, as well as strength and
thermal capacities are determined. Finally,
the mechanical analysis is performed. It-
erative processes are implemented in each
step to ensure that results converge within
a predefined tolerance.

To perform the numerical simu-
lations, the computational code for
thermomechanical analysis of steel
structures under fire condition re-
quires reading from three input files:
(i) two-dimensional finite element mesh
(*.msh) — file containing node coordi-
nates and element connectivity at the
cross-section level and it is obtained
with the Gmsh program (Geuzaine;
Remacle, 2009); (ii) file containing
structural characteristics of the model
(*.pos) — structural coordinates, ma-
terials, loads and support conditions

steel frames in fire situations. In all
cases, to evaluate the performance of
the program, the results are compared

3.1 Isolated steel column under fire situation

Consider the column models with
a length of 4 m subjected to the thermal
and contact loading shown in Figure
2a and Figure 2b. The cross-section is
that of an IPE 360 steel profile, shown

in Figure 2¢. Concentrated moments of
magnitude 20%M,,, are applied at both
ends, where M, is the plastic moment of
the cross—section at 20°C. Additionally, a

compression load of 30%P ,, acts on the

M, =f'9mE9)’dA “2 w kEqi VA
A

Natan Sian das Neves et al.

perfect fixed-end vector f, = {P, 0 M,}" is
composed of the contributions resulting
from the effects of thermal expansion and
curvature due to the temperature gradient
of the cross section. Vector components
are detailed in Equation (9).

\ )

=1

section, the effective plastic strength
limits, respectively associated with the
axial and flexural stiffnesses, are deter-
mined, as suggested in EN 1993:2008,
by the following expressions:

M, =ff;,a|)’|dA zZf,a,k|)’k|’4k (10)
A =

and may be obtained directly by f , A and
f,o 2, where Z is the plastic modulve of the
steel profile cross-section.

are entered into this file; (iii) thermo-
structural model file (*.zxt) — contains
information about thermal conditions
(faces exposed to fire, emissivity, con-
vection coefficient), tolerance values,
load factors and other parameters.

In the process of discretization of
the structural model, one-dimensional
finite elements of 6DOF are used (see
Figura 1a). In addition, linear and cubic
polynomials are used to describe the
axial and bending components of the
displacement vector. In the two-dimen-
sional finite element library available in
the NASEN program, there are different
types of plane finite elements: T3 and
T6 — Triangular element with 3 and 6
nodes, respectively, and Q4, Q8 and
Q9 - Quadrilateral element with 4, 8
and 9 nodes. These elements are used in
discretization across the cross-section of
the members. In the present study, only
the T3 element is applied, it does not
require the use of numerical integration.

with data obtained in computer simu-
lations and experimental tests found
in literature.

upper end, where P, is the resistant plas-
tic axial force at 20°C In Figure 2a, the
combined convection-radiation heat flux
acts only on three sides of the steel profile.
This situation simulates a column partially

REM, Int. Eng, ., Ouro Preto, 75(1), 9-18, jan. mar. | 2022
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protected from fire. In the second con-
figuration, presented in Figure 2b, all four
sides are exposed to high temperatures.
This situation is a common representa-

(f) =0.3P,,
=

N =

- —
—

- <t —

- & —

-— O —

g 4—2 —

ER <—8 —
Q

S -— & —

I s e
-

« [t

&
4

tion of an interior column in a building
subjected to fire. As such, this example is
strategically chosen to carry out the pro-
gram verification process, since it has been

tested in numerous works with different
approaches, such as in Landesmann et
al. (2005), Rigobello (2011), Maximiano
(2018) and Caldas (2008).

Temperature
i ' Scale (°C)
o170 i
.i:’ SR S o 3 Sides +8.50E+02
- +7.58E+02
o 8 — = | | +5.73E+02
2 360 +4.81E+02
8 +3.89E+02
9 " (mm) +2.97E+02
o) 7 : +2.04E+02
o g - 4
| S = I | A Sides +1.12E+02
+2.00E+01
Steel Profile
IPE 360 10min 20 min 30 min

Figure 2 - Structural scheme and loads applied to the steel beam-columns
model with (a) 3 and (b) 4 sides exposed to fire, (c) cross-section dimensions and (d) 2D thermal field for 10, 20 and 30 min.

Initially, a thermal analysis is per-
formed considering the two boundary
conditions applied to the steel profile,
using a linear triangular mesh with 230
finite elements and a time interval At of
10 s. The temperature-time curves for 3
and 4 sides exposed to the fire are shown
in Figure 3a. The curves are obtained
at points located on the flange and web
of the IPE 360 profile. The results of
the developed program are satisfactory

(a)

when compared with the SAFIR program
(Franssen, 2005), where the numerical
data are obtained in Maximiano (2018).
As seen, when all sides are exposed to fire,
due to the symmetry, the temperatures of
both flanges remain practically the same,
and with lower temperatures than those
of the web. On the other hand, there
is a significant difference between the
temperature levels when considering only
three sides subjected to fire. In this situ-

ation, there is a reduction in temperature
on the top flange and the highest tempera-
tures occurs on the web as result of the
slenderness of this element. In addition, to
check the temperature distribution in the
cross-section of the structure, Figure 2d
shows the thermal field for 10, 20 and
30 min of exposure to fire. Note that the
temperatures in each fiber of the section
remain close, indicating an almost con-
stant temperature in the section.

T (°C) T(°C)
- == Top Flange
800 800 | —— Botton Flange
— Web o
o SAFIR
o
600 600
400 400 N
e
200 200
¢ (min)
s 10 15 20 25 30
(b) "
M0
3 | CEPCEETAN
— Py (4 Sides) ey — [ (4 Sides)
2.5 -=- pp (4 Sides) 0.8 --- [ip (4 Sides)
— po (3 Sides) : xS — fip (3 Sides)
2 --- p, (3 Sides) VL - I (3 Sides)
0.6 bR
1.5
0.4
55 S5ES58s . TSRS
0.5 N V2 N s
e, 00 ¢ (min)
5 10 15 20 25 30 5 10 15 20 25 30

Figure 3 - (a) Temperature-time curves and (b) normalized range of thermal fixed-end forces and plastic strength.
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The normalization of the thermal
fixed-end forces and the plastic resis-
tance associated with axial stiffness
are represented by p, = P,/ P, and
P, =Pyl Py Alternatively, these vari-
ables are represented by t, = M, / M,
and =M,/ M, for flexural stiffness,
as shown in Figure 3b. These variables
are computed through the application of
Equation (9) and Equation (10), which
depend on the two-dimensional thermal
field of the cross-section of the steel ele-
ment exposed to fire (emphasizing that
the properties of steel (thermal and me-
chanical) undergo severe degradations at
high temperatures). During the fire, these
values are important to verify the action
levels of thermal effects on the steel ele-
ments of the computational model.

Figure 3b shows that symmetrical
heating of the section results in a greater
loss of strength capacity if compared with

@l + u (mm)
60
50 +
40 { =—NASEN
--- SAFIR
30| ® VULCAN
4 Landesmann et al. (2005)
20 +
10

its asymmetrical counterpart. Moreover,
maximum values of axial and bending
moment thermal fixed-end forces occur
at approximately 10 minutes during asym-
metrical heating. Both boundary condi-
tions yield similar values of axial thermal
reactions. In contrast, bending moment
thermal reactions are not developed dur-
ing symmetrical heating.

The mechanical analysis performed
with NASEN is compared with results
obtained by Landesmann et al. (2005)
and results from SAFIR (Franssen,
2005) and VULCAN (Huang et al.,
2003) programs, extracted from the
simulations performed by Caldas (2008).
The structural mesh is discretized into
8 one-dimensional elements and the
maximum horizontal deflections in
the beam-column model are measured
at midspan. Figure 4a show the hori-
zontal displacement over time for both

4 Sides .:.

Natan Sian das Neves et al.

boundary conditions. Comparison with
reference solutions show satisfactory
results. Additionally, it is noted that the
asymmetric thermal condition indicates
a longer critical time, if compared with
symmetrical heating.

In the context of structural design,
the interaction curves have important
characteristics related to the plasticity
limits of the section. Therefore, Figure 4b
shows the normalized interaction curves
of the IPE 360 steel profile. As heat
exposure time increases, a reduction in
the plastic resistant capacity of the cross
section occurs. The symmetrical thermal
condition shows slightly higher levels of
reduction, if compared to its asymmetric
counterpart. This is a result of acceler-
ated degradation of the properties of steel
caused by the exposure of all four sides
to the heat source, inducing a decrease
in resistant capacity.

.

- === 4 Sides

Figure 4 - (a) Deflection of the column simply supported and (b) interaction curves in fire conditions.

3.2 Steel frames in fire

This section numerically ana-
lyzes the thermomechanical behavior
of a series of experimental tests on
steel frames in a fire situation. The
first case analyzed in this section is
composed of the frames studied by
Rubert and Schaumann (1986). In
the present study, only the configura-
tions called EGR (simple frame) and
ZSR (double frame) are analyzed, as
shown in Figure 5a. The frames were
previously loaded and then subjected
to heating at a constant rate until col-
lapse. All structural elements of the
EGR configuration are evenly heated.
In contrast, only the left compartment
of the ZSR configuration is heated,

while the other is kept at ambient
temperature. The performance of
the numerical analyzes is assessed by
comparison with experimental data,
as well as with additional numerical
results from the computer programs
SYSAF (Rigobello, 2011) and CS-
ASA/FSA (Maximiano, 2018).

All profiles have an IPE 80 cross-
section with a modulus of elasticity of
210 GPa. For the numerical analyses,
the cross-sections are discretized
in 242 three node linear triangular
elements, while the global structural
system is subdivided into 5 one-di-
mensional elements. Figure 6a shows
the horizontal displacements u, u,

and #, measured on the simple frame
and Figure 6b shows the horizontal
displacements #, and u of the double
frame under fire condition.

The numerical values obtained
with NASEN program show good
agreement when compared with
reference experimental results and
numerical simulations. It is observed
that the critical temperatures of the
analyzed frames are close to 500°C.
Quantitatively, Table 1 shows the
values extracted from the computer
program proposed here and the nu-
merical solutions found in literature,
which are also compared with the
experimental data.
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Figure 5 - (a) Simple and double frames, and (b) three-story steel frame exposed to fire.

(2) u (mm) u (mm)
35 35 i
30 & Rubert and Schaumann (1986) A
--- Rigobello (2011)
25| —NASEN
————— Maximiano (2018)
20
15
10 e TR
5
(b)
50
45
40
35
4s . 2
30
4 Rubert and Schaumann (1986) --- Souza Jr. and Creus (2007) .
251 --- Rigobello (2011) 601 m NASEN - Ay
20 f ——NASEN A SAFIR Ve
----- Maximiano (2018) LN
15 40 .-..AiA R
- AL
10 B
5 T (°C) T (°C)
100 200 300 400 500 100 200 300 400 500 600 700

Figure 6 - Displacement-temperature curves: (a) simple, (b) double and (c) three-story steel frame.

Table 1 - Critical temperature of frames.

Frame Configuration Type
Model
EGR A (°C) ZSR A (°C)
Rubert and Shaumann (1896) 515 - 547 -
Rigobelo (2011) 491 24 515 32
Maximiano (2018) 507 8 549 -2
NASEN 526 -1 540 7

*Differences (A) are measured in relation to experimental tests
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The second case studied is defined
by a three-story steel frame with an initial
imperfection subject to horizontal and
vertical loads, as shown in Figure 5b. This
example was first studied by McNamee and
Lu (1972). In the article by Souza Junior and
Creus (2007), the second floor of the struc-
ture is subjected to the action of fire. The
force Pis equal to 30 kN and the modulus of

4. Conclusions

This article described aspects of in-
terest related to numerical implementation
in engineering, focused on the development
of a computer program, called NASEN,
capable of simulating the behavior of
structures under fire situations. Investiga-
tions carried out herein are based on the
analysis of plane reticulated steel struc-
tures exposed to high temperatures. Due to
the computational implementation being
carried out in a Matlab environment, it is
possible to use different graphic resources
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