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Numerical analysis of a steel frame in a fire situation
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Abstract

In the paper, the stages of modelling of a steel frame under fire conditions were discussed. Numerical
computations were performed using SIMULIA Abaqus software. The way of defining and developing
the computational model was described. In the numerical procedure adopted in the paper, much attention
was paid to formulas related to various types of the model parameters that depend on the fire
temperature. The results were shown in a graphic form. They were compared with the results obtained
from the analysis, in which the impact of elevated temperatures was disregarded. Based on numerical
simulation results, an attempt was made to assess the effect of fire on the steel frame components. The
paper is exploratory in character and provides an introduction to the issues related to the modelling of
steel structure fires. The numerical modelling of the structure fire described in the paper can have
practical potential for structural engineers.
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1 Introduction

The impact of elevated temperatures mainly depends on the type of material the structure is made from. As regards
steel components, elevated temperature results in considerable changes in material properties. Steel shows high
thermal conductivity, which directly translates into low fire resistance. Under elevated temperatures, steel yield
strength, tensile strength and also Young’s modulus of steel decrease (Gewain and lwankiw, 2003; Kodur et. al.,
2010).

As a result, the action of high temperatures can pose a real hazard to the safety of the whole system, because it
leads to reduced load-bearing capacity, or even failure of steel elements. Consequently, it is crucial to understand the
complex behavior of the steel structure under fire conditions already at the beginning of structure design, namely at
the computational analysis stage (Lausova et. al., 2015; Pantous et. al., 2022, Maslak et. al., 2021; Snela, 2017).

Structure computations with respect to fire conditions must account not only for the type material of the structure
individual components, but also for appropriate identification of other fire-affecting determinants. The complexity
of the fire pattern, including the rate of temperature increment, is also related, among others, to the structure
geometry, ventilation conditions, insulation used, and also the furniture, fixtures and equipment of the building.
(Chudyba, 2019; Tkaczyk, 2017). In a fire, the following development stages of can be distinguished:

o fire outbreak - fire usually starts locally and gases rise and spread in the near-ceiling zone as they combust,
o fire development — is characterized by a gradual increase in temperature,
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o fully developed fire - a sudden outbreak of fire throughout the whole room at temperature ranging 500 -
550°C, which continues to develop until the combustible material is consumed

e post-combustion - temperature decreases due to consumption of combustible material,

e extinction and cooling.

It should be noted that the effect produced on the structure by elevated temperatures also depends on the structural
design, the actual pattern of temperature changes and the fire duration. In fire engineering, the assessment of real
usability and structural reliability after a fire is a complex task. For example, in steel structures, when elements are
cooled down following a fire, mechanical properties of the material are partially restored. In concrete, however,
additional damages can occur (Chudyba, 2019). Additionally, precise calculations must account for the impact of
elevated temperatures on the connections and joints between structural elements. That is crucial because joints of
individual steel components undergo considerable strain and deformation in the heating and cooling stages. Under
fire conditions, that can lead to a change in the overall joint stiffness, resulting in the failure of the elements being
connected and, ultimately of the whole structure (Tkaczyk, 2017).

General guidance as how to determine actions under fire conditions are provided in the standard PN-EN 1991-1-
2. Such actions are classified as specific actions. They involve a combination of actions where loads found in ordinary
actions and those possible to occur under fire conditions are taken into account. In the calculations, however,
cumulative occurrence of accidental actions that are different in character is not considered. Additionally, the
standards recommend that the so-called 'fire scenarios’ should be taken into consideration when defining an accidental
design situation. Under those scenarios, a fire occurs in only one fire cell of the building at a time.

When carrying out the thermal analysis of the structure, it is also necessary to determine gas temperature in
combustion. To this end, a calculation procedure using a nominal temperature-time curve, or a fire model can be
applied. As regards nominal curves, the temperature-time standard curve, the external fire curve and the hydrocarbon
fire curve can be implemented. In design practice, the standard curve is the one most commonly used. It is expressed
by a strictly monotonic increasing function of the fire duration, and is applicable to a fully developed fire (Standard
PN-EN 1991-1-2; Chudyba, 2019).

One of the basic tasks of a structural engineer is to perform a numerical analysis that accounts for the structure
performance under relatively real conditions. The thermal analysis is intended to ensure the safety of people and
property. That is achieved by reducing the risk of fire, and by appropriately estimating the structure fire resistance.
Numerical solutions that are applied need to predict the development of a potential fire. The prediction must take
into account fire protection features (Biegus, 2013; Tkaczyk, 2017). In accordance with the Standard EN 1991-1-2),
structural reliability strategy of built features with respect to the design and execution for fire conditions assumes the
following:

e maintaining the structure load-bearing capacity for a specific period of time,
limiting the occurrence and spread of fire and smoke,
restricting the spread of fire to neighboring structures,
making it possible for the users to leave the building,
ensuring the safety of emergency services.

Summing up, structural engineers are required to ensure fire resistance sufficient to prevent premature failure of
the structure due to elevated temperatures.

The Standard PN-EN 1993-1-2 allows the application of computational methods that are based on simple
computational models, advanced computational models and experimental investigations. In engineering practice,
however, the first option is chosen by structural engineers as it is the simplest and the cheapest one. This method
involves the analysis of individual structural elements, and the adoption of conservative simplifying assumptions.
Thus, the question arises whether the structural engineer can develop, in a relatively easy manner, an advanced
computational model that is compliant with fire engineering principles and the standard guidelines (Standard PN-EN
1993-1-2). This paper makes an attempt at providing an answer to the question posed above.
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2 Problem definition

In this paper, numerical simulation in SIMULIA Abaqus for a steel structure under fire conditions is discussed.
A three-bay orthogonal plane frame was considered. The frame diagram, the means of support, and dimensions are
shown in Fig.1. The columns and beams were made of the same steel, beams had different cross-sections (Fig.1).
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Figure 1. Geometry of the steel frame.

The frame was subjected to elevated temperatures in accordance with the standard curve available from Standard
ISO 834-11:2014, and the Standard PN-EN 1991-1-2:

6, = 20 + 345log,ge D (1)

where:
6, — temperature of combustion gases [°C],
t — time [min].

The temperature distribution above (1) is widely used in thermal analysis. Based on it, the temperature-time
relationship (Fig. 2) was determined. It should be noted that the standard curve (Fig. 2) does not account for extinction
and component cooling stages after the fire. In the considerations below, it was assumed that the beams are elements
directly exposed to fire, i.e. heated in fire (Fig. 2). Two fire occurrence scenarios were considered in the analysis.

(Fig.3):
e variant 1 — fire is located in the left bay,
e variant 2 — fire is located in the central bay.

It was assumed that the structure does not have fire insulation.
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Figure 2. Time-dependent temperatures according to the 1ISO 834-1995 standard fire.

The configuration of the external loads on the frame and the fire location variant, are shown in the diagram in
Fig.3.
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Figure 3. Loading and two variants of fire location.

The frame numerical model and its behavior under fire conditions were implemented into SIMULIA Abaqus
software. Different uncoupled and coupled finite elements can be included in the thermal behavior simulation.
In Abaqus, it is possible to adopt fully coupled thermal-stress analysis. The problems can be transient or steady-
state, and linear or nonlinear. In coupled thermal-stress analysis, heat transfer equations are integrated using a
backward-difference scheme, and the coupled system is solved using the Newton’s method (Abaqus material
library, 2017):
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[Kuu Ku@] Au] _ [Ru] 2)
Kou Kool lAO Rg

where:

K;; — submatrices of the fully coupled Jacobian matrix,

Au, A6 — corrections to the incremental displacement and temperature,

R,, Rg — mechanical and thermal residual vectors.

A coupled temperature-displacement four-node shell finite element was used in the analysis. The heat conduction

equation in 3D solid element can be written in the form:

e the Fourier law:

q=-DVT

where:
q = {gqx qy q, }— heat flux vector,

D — heat conductivity matrix,

oT 9T aT

VT = {& oy a_z} — vector of temperature gradient.

(3)

¢ heat conduction equation (Poisson’s equation) — isotropic material, therefore D = kl:

9%T N 0%T N 0°T
ax2  dy?  0z2

where:
f — body heat flux,
k — thermal conductivity of material,

I — identity matrix.
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3 Numerical analysis in simulia abaqus

Thermal analysis performed using FEM-based software makes it possible to take into account many geometric
and materials parameters of the structure, heat transfer parameters, different temperature distributions and fire
scenarios. The accuracy of numerical computations largely depends on input data provided by the structural engineer.

This paper discusses the application of SIMULIA Abaqus software for numerical simulation of structure
performance under fire conditions. As the modelled phenomenon is complex in character, it was necessary to explain
how the computational model was defined and developed. At the input stage, special attention was given to the way
elevated temperatures were taken into account.

The frame was modelled using 4-node shell elements (S4RT) with the mesh size of 5 [cm]. The structure was
subjected to external loads of the following type: Pressure (Fig. 3). The heat flux density was set as Body heat flux
type measuring 45 [W/m3®] (Mika and Stofiski, 2006). Then, the boundary conditions were defined:
Displacement/Rotation — the column base was considered to be stiff, and Temperature — the impact of temperature
on the beam was specified, temperature variation in time was given (Amplitude) in accordance with curve (1). In
considerations, it was assumed that the beam heating starts from the beam lower flange where the temperature grows
with the fire development. Next, while the boundary conditions were specified, two variants of fire location were
taken into consideration. Figure 4 shows the situation covered by variant 1. In the fire scenarios proposed, only beams
are exposed to fire. Consequently, for the remaining adjacent elements, the heat transfer coefficient was assumed to
be -10 [W/m?K] (Fig. 5) (Wisniewski S. and Wisniewski T.S., 2000), where a minus sign denotes heat being carried
away.
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Figure 4. Boundary conditions for variant 1.
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Figure 5. Heat outflow to the surface: variant 1 (a), variant 2 (b).

As regards materials data, steel initial elastic properties at room temperature were as follows: density
7850 [kg/m®], Young’s modulus: 210 [GPa], Poisson’s ratio 0.3, expansion coefficient 1.2-10, yield stress 235
[MPa]. Additionally, for Young’s modulus and yield strength, their reduction was taken into account due to
temperature change over time. Change in time -dependent values of those two quantities was given in accordance
with Standard 1993-1-2 (Table 1) (Standard PN-EN 1993-1-2)).
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Table 1. Reduction of Young’s modulus and yield strength.

Young's modulus | Poisson’s o~ Yield strength | Plastic o
[Pa] Ratio Temp [C] [Pa] strain Ve [
210000000000 0.3 20 235000000 0 20
210000000000 0.3 100 235000000 0 100
189000000000 0.3 200 235000000 0 200
168000000000 0.3 300 235000000 0 300
147000000000 0.3 400 235000000 0 400
126000000000 0.3 500 183300000 0 500
65100000000 0.3 600 110450000 0 600
27300000000 0.3 700 54050000 0 700
18900000000 0.3 800 25850000 0 800
14175000000 0.3 900 14100000 0 900
9450000000 0.3 1000 9400000 0 1000

Additionally, thermal properties of the material were defined in accordance with Standard PN-EN 1993-1-2. For
computations, thermal conductivity [W/mK] (Table 2a) and specific heat [J/kgK] (Table 2b) were assumed depending
on temperature. The stress-strain relation, which is shown in Fig. 6, was also established. Compared with the curve
available from Standard PN-EN 1993-1-2, the curve implemented in the software was simplified with the resulting
three-segment curve (Fig. 6a).

Table 2. Thermal properties of steel: conductivity (a), specific heat (b).

a) b)
Conductivity Temp Specific Tem
Heat 4
53.33 20 : = =
27.36 800 2 760 600
4 650 900
5 650 1000

The last stage of modelling involved defining the computational steps. The analysis covered the basic step
Static/general, and also Coupled temp-displacement. In the step that accounted for temperature impact, the geometric
non-linearity is marked and the time period - 3600 [s], in which the maximum temperature is reached is given
Tmax=945.34 [°C] (2).
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Figure 6. Stress-strain relationship depending on temperature: according
to Standard PN-EN 1993-1-2 (a), data in Abaqus (b).

4 Numerical simulation results and conclusions

The paper discussed the way of modelling steel frame under fire conditions with the use of SIMULIA Abaqus
software. Numerical simulation results made it possible to check the structure performance under elevated
temperature. The analysis is comparative in character as different fire location variants were considered. The frame
numerical model was not validated against experimental data.

The frame numerical computations were stopped before the fire maximum temperature was reached (1) because
the heated element showed excessive strain increments. For variant 1, the analysis stopped when the temperature
reached 625 [°C], whereas for variant 2 — 629 [°C] (Fig.7). At this stage of the fire, plasticization initiated in the
heated elements (Fig. 8) and significant structure deformation were observed.
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Figure 7. Temperature [OC] distribution in the steel frame: variant 1 (a), variant 2 (b).
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Figure 8. Yield flag: variant 1 (a), variant 2 (b).

Figure 9 shows vertical displacements obtained in the frame under fire conditions when the effect of high
temperatures is disregarded. Based on the results received, it can be seen that the values change under the temperature
effect. For the frame subjected only to external load, uniformly distributed over the beams and columns (Fig. 3), a
vertical displacement was found not to exceed 0.98 [cm] (Fig. 9a). In the thermal frame analysis, however, a
significant difference in displacement was observed depending on the fire scenario considered. For fire location
variant 1, that is, when beam is heated in the left bay, the maximum vertical displacement amounts to 20.1 [cm].
However, in variant 2, in which the central beam was exposed to fire, the displacements obtained do not exceed 11.2
[cm]. Difference in displacements between two scenarios may result from the fact that in variant 2 end frame sections
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resist deflection build-up in the central beam. Consequently, displacements generated in the frame under fire
conditions, when the fire is located in the central bay, are lower.

a)

b)

U, U3
~ +2.893e-02

U, u3
+2.838e-02
+1.669e-02
+5.002e-03
-6.686e-03

Figure 9. Deformed shape [m] of the steel frame: before fire situation (a), fire situation — variant 1 (b), fire situation — variant 2

).

Numerical investigations reported in this paper are exploratory. They are intended as introduction to a broader
understanding of the impact fire has on steel structures. To investigate the issue thoroughly, it is necessary to employ
an advanced numerical model. The paper demonstrates that fire simulation involves not only the determination of
the gas temperature at combustion (1). It is also necessary to account for of a range of data relevant to the problem,
namely materials parameters and their dependence on temperature, boundary conditions and loads. The results
obtained from the numerical analysis confirm the relevance of investigations into the issues related to structures
under fire conditions.

Advanced computational models can become an alternative, or be complementary to simplified computational
models used in structural design. Undoubtedly, further experimental and numerical investigations are needed to better
understand the performance of steel structures under fire conditions, so that good and safe operating practices could
be ensured. It is also important to define guidelines with respect to structure reuse after a fire. The authors of the
paper intend to extend the numerical model, test different numerical approaches, and validate the solutions against
experimental data. A number of numerical procedures developed in this way could provide guidance for engineers
dealing with the fire resistance rating of structures.
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