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Summary. The paper presents a nonlinear steel frame analysis at elevated temperatures,
using a recently developed 3D beam/column element. The element belongs to the concentrated
resultant plasticity type and is based on the relations of the Generalized Plasticity material
model. It has two plastic hinges at the element ends and accounts for the interaction of the
axial force and the bending moments about the principal axes of the cross-section and the gradual
yielding of the cross-section. The nonlinear geometry under large displacements is taken into
account with the corotational formulation. The element has shown high computational efficiency
and numerical accuracy for modeling 3d steel frames under fire conditions.

1 INTRODUCTION

Steel frames, in general, offer numerous construction benefits, such as fast assembly, strong
weight-to-strength ratio, and flexibility, and they are widely used. In order to avoid structural
failure of frames, it is essential to evaluate and access their behaviour properly under elevated
temperatures. In the past, numerous numerical models have been proposed with the aim of
predicting the inelastic behaviour of steel frames under fire conditions. Most of these models use
either 3D solid finite elements [4] that are highly accurate but computationally very expensive,
or the frame finite element models that offer good compromise between numerical accuracy
and computational efficiency [5] [6]. The element used in this study is recently developed frame
element [2,[§] that belongs to the group of concentrated resultant plasticity elements. As depicted
in Figure [1] the element is a serial model with two zero-length plastic hinges that may form at
element ends, and a linear elastic component in between. This figure also shows the basic element
forces (in the system without rigid body modes), ¢ to gs.

The element adopts the relations of the Generalized Plasticity (GP) material model [7] for
the relations between stress resultants (the axial force N, and two bending moments M, and
M, about the principal axes) and the element end deformations. It accounts for the nonlinear
geometry under large displacements with the corotational formulation and gradual yielding of
the cross section. More details about the element formulation and parameter selection can be
found in [2]. Here, just major steps of the analysis will be resumed.

The following two simplifying assumptions are adopted within the element formulation:
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Figure 1: GP element

- The element properties are temperature dependent and are calculated from the average
temperature of the cross section.

- The effects of shear forces and torsion on an element’s capacity reduction are neglected.
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Figure 2: Flowchart of the thermo-structural analysis

The analysis is performed in Matlab in two steps. The first analysis step is thermal analysis
which is performed using the Matlab solver for the heat analysis. The thermal properties
of the material: thermal conductivity, specific heat, and mass density are defined as input
parameters and, here, the values proposed by Eurocode 3 [9] are adopted. From this analysis,
the temperature distributions over all beam/column cross-sections are found and the average
section temperatures are calculated. In the second step, the structural analysis, is performed in
FEDEASLab [10]. Firstly, the element properties and thermal loading are updated and, then,
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the structural (mechanical) analysis step is performed. The flowchart of the analysis procedure
is depicted in Figure [2}

2 GP ELEMENT PARAMETERS

In order to use the GP element for the steel frame analysis under elevated temperatures, the
following parameters need to be defined:

- the values for § and S8 element parameters that control the approach rate of the force-
deformation relation to the hardening asymptote, and the distance between the yield
function and the asymptote, respectively

- the parameters of the elastic component,
- the temperature dependent yield surface equation for I shaped cross-section.

In this study, the selection and calibration of the element parameters from the first two groups
specified above are the same as in [2]. At the same time, a slightly different expression is used
for the yield surface equation. Without hardening, the yield surface for each hinge, f, becomes
equal to the function ® [2, §]. This function is adopted in the following unitless polynomial
form:

Ay

P = 1.2p? 2 4 35p°m2 4+ ——L
(p, Mz, my) p” +m; + |my|” + pmz+Af+Aw

\p|3\my]3+3m§m§ —c (1)
The symbol Ay in Eq. [I|represents the area of both flanges of the cross-section, A,, is the area
of the web, while the variables p, m. and m, are given by:

41 q2 q3 q4 q5 2)

p= , My = or y My = or
ky,GNp ky,GMpZ ky,@Mpz ky,eMpy ky,eMpy

where N, is the axial capacity, M, plastic moment capacity around the strong axis, and M,
plastic moment capacity around the weak axis. The thermal coefficient k, g represents the ratio
of the steel yield stress f, o at temperature © and the steel yield stress f, at the reference

temperature of 20°, ie. ky o = f?‘;@. This equation, for the case when the coefficient ¢ = 1
Y

reduces to the expression recently proposed by Singh [I] that outperforms the commonly used
equation proposed by Orbison et al. [I1]. The variation of coefficient ¢ with temperature is
adopted as in [2].

3 NUMERICAL EXAMPLE

To validate the accuracy and capabilities of the GP model, a numerical study was conducted
on a two-story two-bay plane frame. The frame is exposed to fire on the second story in one
bay, and all exposed members are considered to be heated from all four sides. The geometry
of the frame, loads, material characteristics, and members exposed to fire are depicted in Fig.
The frame was previously analyzed by Luu et al. [3]. For the validation of their proposed
calculation model, the analysis was also conducted in Abaqus and those results are considered
as accurate. In this analysis, all members are discretized with a single GP element.
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Figure 3: Two story frame
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Figure 4: Comparison between numerical results for the two-story frame
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Figure 5: Frame deformations at different temperatures

Figure [f] shows the relation between displacements at two selected points at the top of the
frame vs temperature. As can be seen, there is excellent agreement between the results obtained
by the GP model and the values calculated by the more complex model from Abaqus.

Figure [p| shows twenty times scaled deformations of the frame for the room temperature and
for the temperature at which failure occurs. The displacements of selected points (depicted in
Figure [4]) are equal at room temperature, as expected due to uniform geometry and loading,
while these displacements, during heating, become different because of the expansion of elements
subjected to the fire conditions.

Number of other validation examples for the proposed GP element can be found in [2].

4 CONCLUSIONS

The paper uses a concentrated plasticity beam-column element for the 3D analysis of steel
frames subjected to fire exposure, whose formulation is based on the Generalised Plasticity
material model. The element includes the effects of material and geometrical nonlinearities,
cross-section gradual plastification, thermal expansion, and strength degradation due to fire
exposure. The strength degradation is introduced in a simplified way, based on the average
temperature of the cross-section, via the reduction coefficients proposed in Eurocode 3. Due
to the simplicity and robustness of the formulation, the element is computationally efficient
and offers an excellent compromise between the result accuracy and the required time for the
analysis. The correlation studies have proved the element’s capabilities to successfully predict
the inelastic behaviour of steel frames exposed to fire.
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