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Abstract.  Structures submitted to Fire-After-Earthquake loading situations, are first experiencing inelastic deformations due to
the seismic action and are then submitted to the thermal loading. This means that in the case of steel framed structures, at the
starting point of the fire, plastic hinges have already been formed at the ends of the beams. The basic objective of this paper is
the evaluation of the rotational capacity of steel I-section beams damaged due to prior earthquake loading, at increased
temperatures. The study is conducted numerically and three-dimensional models are used in order to capture accurately the
nonlinear behaviour of the steel beams. Different levels of earthquake-induced damage are examined in order to study the effect
of the initial state of damage to the temperature-evolution of the rotational capacity. The study starts with the reference case
where the beam is undamaged and in the sequel cyclic loading patterns are taken into account, which represent earthquakes
loads of increasing magnitude. Additionally, the study extends to the evaluation of the ultimate plastic rotation of the steel beams
which corresponds to the point where the rotational capacity of the beam is exhausted. The aforementioned value of rotation can
be used as a criterion for the determination of the fire-resistance time of the structure in case of Fire-A fter-Earthquake situations.
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1. Introduction

In urban areas Fire-After-Earthquake (FAE) is a rather
common phenomenon and, occasionally, can be catastro-
phic. The aftermath of the fire outbreak after an earthquake
has many times been witnessed in recent years (Northridge
1994, Kobe 1995, Chile 2010, Tohoku 2011). In many
cases, urban environment characteristics (gas piping system,
electricity wiring system, etc.) and post-earthquake
conditions (multiple ignition points, malfunction of the
active fire-protection systems, etc.) are combined and the
fire that follows earthquake becomes the predominant cause
of damage and loss of human life (Scawthorn et al. 2005).

Nowadays, the post-earthquake fire-design is not a
normative requirement and the fire design codes assume
that when a fire starts, the structure is intact. This is not
valid when structures have been damaged due to a prior
seismic action. In order to conduct an integrated study for
the post-earthquake fire-performance of structures, the
seismic damage of structural components needs to be taken
into account.

Specifically, considering steel frame structures that are
designed according to the ductility requirements of the
capacity design rules of EN 1998-1-1 (2004), it is expected
that at the starting point of the fire, the plastic hinges have
already been (fully or partially) formed at the ends of the
beams. On the other hand, the fire design, according to EN
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1993-1-2 (2003), of the steel frames is based on the
classification of cross-sections, which actually depends on
the available rotational capacity of cross-sections at
elevated temperatures. In the case of FAE loading, the fire
design considerations do not take into account the possible
reduction of the rotational capacity of the cross-sections due
to the damage that is induced during the seismic excitation.
Moreover, during the fire exposure stage, the plastic
moment resistance of the cross-section may be further
reduced due to the interaction of several phenomena
(material degradation, initial imperfections, temperature
rise). Therefore, in the case of FAE loading conditions, the
classification of the cross-sections during the fire-design
may not be realistic since it does not consider the possible
reduction of the rotational capacity due to the earthquake
induced damage and the reduced plastic moment resistance
of the cross-sections at elevated temperatures. The previous
indicate that for the FAE loading, the stage of the fire-
design should be based on the “modified” rotational
capacity and the FAE resistance time should be obtained
using criteria that are based on the actual rotational capacity
of the structural members.

According to an extended literature survey the unique
experimental program concerning the study of the rotational
capacity of steel beams at elevated temperatures was
conducted by Dharma and Tan (2007a). The main
objectives were to determine the effects of temperature on
the rotational capacity and to identify the key parameters of
the problem. In the companion paper (Dharma and Tan
2007b) numerical models were developed for the prediction
of the rotational capacity at elevated temperatures. It is
noticed that the aforementioned studies do not consider the

ISSN: 1229-9367 (Print), 1598-6233 (Online)



54 Daphne Pantousa and Euripidis Mistakidis

case of pre-damaged beams.

Moreover, concerning the FAE situations, there exist
extensive literatures about the disasters that are attributed to
the post-earthquake fires in urban regions. Several studies
are devoted to the historical events and indicate the
mitigation strategies for the reduction of the post-
earthquake fire losses in urban regions. On the other hand,
the scientific research on the fire-behaviour of unprotected
steel structures has only been started. The interest mainly
lies on the behavior of steel frame buildings under the FAE
loading (Faggiano et al. 2007, 2008, Yassin et al. 2008,
Zaharia et al. 2008, 2009, Della Core et al. 2003 and Keller
2012, Faggiano and Mazzolani 2011, Keller and Pessiki
2012, Kodur and Dwaikat 2009, Zaharia and Pintea 2009,
Lee et al. 2008, Zhao 2010). In these studies the criteria
used for the determination of the fire-resistance time are
based on the strength or stability of structural members or
on the global stability of the structure. Effects of the
earthquake excitation on the rotational capacity of structural
members have not yet been considered.

The present study focuses on the determination of both
the rotational capacity and the plastic limit rotations values
of a steel I-beam at elevated temperatures, taking into
account different levels of initial damage. The damage is
induced in the beam using cyclic loading and is expressed
in terms of plastic strain. Different levels of damage are
considered in order to represent more severe earthquakes.
The first goal is to study the available rotational capacity of
pre-damaged beams at elevated temperatures and to
investigate if the classification that is considered during the
fire design of the structural members (according to EN
1993-1-2 (2003)) is applicable also in the case of FAE
loading situations. The second goal is the calculation of
plastic limit rotation values that can in the sequel be used
for the determination of the fire-resistance time of moment-
resisting frames under FAE loading. These values could be
further used for the design against FAE actions.

2. Definition of rotational capacity

According to the studies of Gioncu and Petcu (2007)
and Gioncu and Mazzolani (2002) it is generally accepted
that there is no standard definition of the rotational capacity.
Three approaches are available: the definition related to the
ultimate moment, the definition related to the fully plastic
moment and the one related to the post-buckling slope. In
this study the definition related to the fully plastic moment
is adopted. This definition is given also in the background
documentation of Eurocodes. According to this (Fig. 1), the
rotational capacity I, is calculated as

ra = eru /apl (1)

or

Moo = Hruo.o /gpl (2)
where:
Op 1s the value of rotation that corresponds to the plastic
moment resistance of the cross-section, defined as My =
nyp|,
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Fig. 1 Definition of the rotational capacity

fy is the yield stress of steel at room temperature and,

6. is the range of the rotation over which the plastic
moment resistance of the cross section is retained.

The index 0.9 is used in the case where the rotational
capacity is determined using the value of 0.9Mp,. According
to Gioncu and Petcu (2007), the selection between the two
choices remains a decision of the designer.

It is clarified that in this study the effect of axial forces
in the plastic moment resistance of the cross section My is
not considered. Also, in this study, the index T is added, in
order to define the dependence on temperature. Due the fact
that at elevated temperatures it is possible that the beam
would not able to reach the fully plastic moment My, it is
more convenient to use the reduced moment for the
definition of the rotational capacity, so that it can be
calculated in the majority of the cases that are studied.
Therefore, the definition of the rotational capacity is based
on the value of 0.9Mp, and the corresponding symbol used is

Fa0.97-

3. Description of the problem and assumptions

The main objective of this study is the assessment of the
ductility of beams at elevated temperatures in two different
cases. In the first case the rotational capacity of the beams is
studied under static, monotonic loading at different tem-
perature levels. Regarding the second case, first the beam is
subjected to cyclic loading and in the sequel the ductility is
obtained for static, monotonic loading at elevated tempera-
tures. The analysis has three different stages. The first stage
is the cyclic loading and the other two stages are similar, as
in the first case. In fact, in the second case, the cyclic
loading induces damage to the beam and the goal is the
evaluation of the rotational capacity, depending on the
‘level of damage’.

The next objective is to define the limits for the
determination of fire-resistance of steel frame structures
during fire exposure. These values could be used for the
determination of the fire-resistance time of steel framed
structures in the case of FAE loading, i.e., when the
structure in the start of the fire loading is damaged due to
earthquake.

The problem is handled through geometric non-linear
finite element analysis taking into account the temperature
dependent non-linear material properties. In both cases the
numerical model that is developed considers the initial
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imperfections and parametric analyses are conducted taking
into account different amplitudes of the initial geometrical
imperfections. In order to simplify the already complex
problem, the following assumptions are adopted for the
calculation of the moment-rotation curves:

- The temperature is uniform and constant along the
beam.

- No-thermal gradient is considered in the cross-section.

- The beam is free to expand longitudinally and,
therefore, no thermal compressive forces develop.

4, Validation of the numerical model

Initially, a numerical model is developed for the
accurate prediction of the rotational capacity of steel I-
beams at elevated temperatures. The model is validated
using the test results that are presented in Dharma and Tan
(2007a). Briefly, it is referred that the purpose of the
experimental study was to define the rotational capacity of a
two span continuous steel I-beam under uniform loading, at
the possible plastic hinge locations, under fire conditions.
Therefore, according to the study, it was important to assess
the fire-behaviour of the beam at the hogging moment
region, i.e., at the internal supports. In order to simplify the
problem, a simply supported beam was considered which
was loaded at mid-span.
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Fig. 2 The structural system and the cross section
(dimensions of the cross section in mm)

Table 1 Material properties at ambient conditions

Yield strength  Ultimate strength Elastic modulus

fyzo fu20 Exo
(Mpa) (Mpa) (Mpa)
Web 307.4 491.4 205253
Flange 297.6 483.6 203677

.

In this study, for the needs of the validation, the steel I-
beam S2-1 is chosen, from the experimental study by
Dharma and Tan (2007a). All the geometrical dimensions
and the material properties are considered according to this
study. In detail, the total length of the simply supported
beam is equal to 3.65 m while the distance between the
supports is 3.45 m. Also, web stiffeners are used at the
support and at mid-span, where the load is applied. The
beam is laterally restrained at the position of supports at
both ends and at mid-span. Therefore, the effective length
of the beam for lateral torsional buckling is equal to 1.725
m. The cross-section dimensions and the structural system
are illustrated in Fig. 2. The material properties at room
temperature are defined from tensile tests and they are
presented in Table 1.

It is stressed that the beam is laterally restrained only at
the ends and at mid-span and, therefore, the development of
plastic lateral-torsional buckling is possible under certain
conditions at elevated temperatures. Moreover, plastic local
buckling may arise.

4.1 The numerical model used for the validation

The numerical model is developed using the nonlinear
finite element code MSC-MARC (2010). The three-
dimensional numerical model (Fig. 3) utilizes four-node,
thick-shell elements. The numerical model takes into
account the nonlinear elastic-plastic stress-strain relation-
ship of steel at elevated temperatures. The yield stress, the
proportionality limit and the elastic modulus are
temperature dependent following the temperature relation-
ships given in EN 1993-1-2 (2003).

Concerning material modelling, the Von Mises yield
criterion is used in the numerical analysis. Additionally, the
analysis takes into account the geometric non-linearity.

Concerning the material modelling, the actual material
properties for the specific steel used in the experiment were
followed and the values of the tensile coupon tests were
adopted for both the web and the flange. Moreover,
following experimental observations that indicate that steel
keeps a significant hardening even in the case of 400°C
(Poh 2001, Kodur and Dwaikat 2009), the hardening of
steel was taken into account for temperature equal to
400°C. More specifically, the ultimate strength was taken as
fur = 1.6f,7 for temperature range between 20°C and 400°C.

Initial imperfections are incorporated in the geometry of
the steel beam for a more realistic assessment of its
behaviour. There are many different ways to introduce
initial geometric imperfections in structural members. A
simple way in the context of finite element analysis is to

Fig. 3 The numerical model
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(a) Eigenmode corresponding to the lateral torsional buckling

(b) Eigenmode corresponding to the local buckling of the upper flange

Fig. 4 Results of the buckling analysis

extract the buckling eigenmodes and introduce them as
imperfections with specific amplitude. More specifically,
the normalized buckling mode is multiplied by a scale
factor, leading to certain maximum amplitude and the
resulting displacements are added to the initial coordinates
of the structural member. For the case studied here, two
different eigenmodes are combined (see details in Fig. 4).
The first eigenmode is related with the local buckling along
the upper flange of the beam (where compressive stresses
arise under the considered loading) while the second
buckling eigenmode used is the one corresponding to the
development of lateral torsional buckling.

The amplitude of the initial imperfections used for the
analysis is taken equal to 0.5 mm for the buckling
eigenmode which is related to the lateral torsional buckling
and to 2 mm for the eigenmode which is related to the local
buckling of the upper flange. These values are in
accordance with the maximum values of the measured
initial imperfections that are presented in Dharma and Tan
(2007a).

The numerical analysis has two different stages,
following the test procedure described in Dharma and Tan
(2007a). At the first stage the steel beam is heated with a
heating rate equal to 7°C/min until the desired temperature
T is reached. It must be noticed that during the heating stage
the temperature is supposed to be uniform along the
member. At the second stage the temperature remains
constant and the beam is submitted to loading at mid-span
until failure.

4.2 Comparison with the test results

The primary objective in this section is to validate the
numerical model against the published experimental results
presented in the study of Dharma and Tan (2007a).

Fig. 5 illustrates the load-displacement curves obtained
numerically and experimentally for the modelled specimen
S2-1. A very good agreement is obtained for the initial
stiffness and for the maximum load of the system.
Moreover, the softening branch is well approximated by the
numerical model. A small difference is observed for the
maximum strength of the steel beam that can be attributed
to the lack of actual experimental data for the ultimate and
the yield strength of steel at elevated temperatures. Also, the
small differences between the numerical and the test results
at the unloading branch may attribute to the uncertainties
connected to the profile of the initial imperfections.
Additionally, the failure mode that results from the
numerical analysis is very close to the experimentally
obtained one, as it is presented in Fig. 6. In both cases the
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Fig. 5 Comparison of the numerical analysis results with the
test results for the specimen S2-1 at 415°C

(a) Test results

(b) Numerical analysis results

Fig. 6 Deformed shape of the steel beam at the failure

failure is due to lateral — torsional buckling of the steel
beam.

Taking into account the previous, it is considered that
the developed numerical model is able to accurately
simulate the behaviour of the steel I-beam at elevated
temperatures. Additionally, it is indicated that the shapes of
the initial imperfections that were adopted can be used for
the purpose of parametric studies.
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Fig. 7 Geometry of the considered steel beam A

(a) The upper flange eigenmode

(b) The lower flange eigenmode

Fig. 8 Results of the buckling analysis

5. The numerical model used for
the determination of the rotational capacity

The model validated in the previous paragraph against
experimental results, is now used for the evaluation of the
ductility of the structural members. Specifically, three
different issues are addressed. The calculation of the
moment-rotation curves, the evaluation of the rotational
capacity and the determination of the limit values of
rotation at elevated temperatures. In order to simulate FAE
loading situations the study is extended to include cyclic
loading, introducing a certain level of damage in the steel
beam prior to the temperature increase.

For this reason the numerical model is adjusted in order
to take into account the behaviour of steel beams under
cyclic loading. The supplementary assumptions adopted in
the analyses that were performed are the following:

- The beam is sufficiently laterally restrained and
lateral-torsional buckling cannot occur. Subsequently,
the initial imperfections that are used are related only
to the local buckling failure modes and not to the
global one. This assumption is adopted in order to
conduct a more rational study that can be used for
practice design purposes. Moreover, it is compatible
with the actual situation in buildings, where the lateral
torsional buckling is usually restrained by the presence
of a concrete slab.

The initial imperfections concerning the local buckling
of the flanges are symmetric. This assumption is
adopted due to the fact that the results of the buckling
eigenmode analysis indicate that the first local
buckling mode is symmetric. As it is expected, the
outcomes of the analysis are not the same with those
that would result in the case where asymmetric
eigenmodes are employed.

The strain hardening branch of the stress-strain law of
steel (for the temperature range between 20°C-400°C)

is not taken into account and the isotropic hardening
rule is used.

5.1 Geometry and initial imperfections

The geometric characteristics of the numerical model
used for the determination of the rotational capacity, are
described in Fig. 7. The span of the beam, considered as an
example, is 3.2 m.

In order to reduce the computational cost associated
with the nonlinear three-dimensional modeling, only half of
the total length of the beam is considered, using the appro-
priate symmetry boundary conditions. The initial imperfec-
tions that are incorporated in the geometry of the steel beam
are depicted in Fig. 8. Specifically, two different eigen-
modes are combined. The first eigenmode is related to the
first local buckling mode at the upper flange of the beam,
which is anti-symmetric with respect to the X-y plane, while
the second eigenmode used is the corresponding mode for
the lower flange of the beam. The study includes the
imperfections of both flanges, in order to obtain more
realistic results in the case of the FAE loading, since the
compressive zone shifts during the cyclic loading.

6. Simulation of three point bending tests
at elevated temperatures

In order to determine the rotational capacity, virtual
three point bending tests are performed according to
Dharma and Tan (2007a). First, the reference case where the
beams are not damaged due to seismic excitation is studied.
The numerical analysis conducted for the simulation of
these tests follows two different stages. In the first stage the
temperature increases until the desired level is attained.
During this stage the beam is not mechanically loaded, as
depicted in Fig. 9. The mechanical loading stage follows
(three-point bending), while the temperature remains
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Fig. 9 Case 1: loading procedure

constant. It is noted that the numerical test is displacement
controlled.

The test is repeated for nine temperature levels between
20°C and 800°C. Parametric analyses are conducted with
respect to the amplitude of initial imperfections.
Specifically, three different cases are studied for amplitudes
equal to 0.5 mm, 2 mm and 5 mm respectively. Also, the
case where the model does not include initial imperfections
(perfect model) is studied for reference. It is clarified that in
this study the term “perfect model” is used to denote the
model that does not include geometrical imperfections.

6.1 The moment-rotation curves

The moment-rotation curves obtained for the various
temperature levels are presented in Fig. 10. Imperfections
sensitivity study is conducted in order to quantify their
effect on the ultimate capacity and furthermore to the
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rotational capacity of the beam. Table 2 presents the
moment resistance considering both the results from the
FEM analyses and the corresponding values according to
the calculations based on the plastic resistance of the cross-
section. Moreover, Table 2 presents the comparison of the
ultimate moment resistance that is obtained from the
analyses using the perfect models with the corresponding
values when initial imperfections are used. The comparison
indicates that the incorporation of the initial imperfections
of the beam geometry results to the reduction of the
ultimate load bearing capacity of the beam and this is more
obvious at elevated temperatures. The reduction presented
in Table 2 is calculated with respect to the moment
resistance that results from the FEM analysis where the
model is considered to be perfect. The results indicate that
the reduction becomes important as the temperature and the
amplitude of the initial imperfections increase.

Furthermore, it can be observed that the rotation that
corresponds to the ultimate moment capacity of the beam
(Table 2) is increased as the temperature rises. This can be
attributed to the elliptic plastic branch that is incorporated
in the stress-strain relationship of steel at elevated
temperatures, according to Fig. 3 of EN-1993-1-2 (2003).
This branch connects the elastic and the perfectly plastic
ones and causes the increased values of strain that
correspond to the yield stress compared to the respective
value at room temperature. On the other hand, as the
amplitude of initial imperfections increases, the rotation that
corresponds to the ultimate moment capacity is considerably
reduced, as it is indicated in Table 2.

Additionally, it is interesting to notice the effect of the
amplitude of the initial imperfections on the descending
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Fig. 10 Moment-rotation curves at different temperature levels and for various amplitudes of initial imperfections
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Table 2 The moment resistance of the beam and the maximum rotation at different temperature levels

T (°C) 20/100 200 300 400 500 600 700 800
Mg (KNm)' 603.35 603.35 603.35 603.35 470.61 283.57 138.77 66.37
Perfect model

My (KNm)2 618.67 616.33 616.86 617.47 481.99 290.24 141.55 67.17
Ormax (rad)4 0.011 0.027 0.036 0.043 0.041 0.045 0.047 0.042

M, (KNm)2 618.62 615.38 614.89 614.58 479.96 288.71 140.62 66.87
Moment reduction’ 0.01% 0.15% 0.32% 0.47% 0.42% 0.53% 0.66% 0.45%
Gmax“ 0.011 0.026 0.033 0.039 0.038 0.040 0.042 0.038

Omax reduction’ 0.00% 4.52% 8.53% 9.87% 8.87% 9.56% 10.29% 8.74%

Amplitude of initial imperfections 2mm

M, (KNm)? 617.56 606.09 600.26 596.75 466.70 279.86 135.88 64.97
Moment reduction’® 0.18% 1.66% 2.69% 3.36% 3.17% 3.58% 4.01% 3.28%
Ormax (rad)* 0.010 0.020 0.027 0.032 0.031 0.033 0.035 0.031
Omax reduction’ 5.51% 24.97% 25.78% 25.58% 25.35% 24.80% 25.99% 26.46%

Amplitude of initial imperfections 5mm

M, (KNm)? 609.89 587.11 576.34 570.03 446.39 266.95 129.28 62.08
Moment reduction’® 1.42% 4.74% 6.57% 7.68% 7.39% 8.02% 8.67% 7.58%

Ormax (rad)* 0.009 0.018 0.023 0.029 0.028 0.030 0.032 0.028
Omax reduction’ 16.34% 34.15% 34.58% 32.89% 33.02% 31.89% 32.71% 34.03%

! According to the elastic-plastic cross-section analysis

2 According to FEM results

3 Reduction with respect to the moment resistance that results from the FEM analysis where the model is considered to be perfect
#Rotation that corresponds to the ultimate moment capacity

SReduction with respect to the maximum rotation that results from the FEM analysis where the model is considered to be perfect
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Fig. 11 Effect of the temperature on the moment-rotation diagrams for different amplitudes of initial imperfections
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Fig. 12 The evolution of the rotational capacity with
the temperature and the effect of the amplitude
of the initial imperfections

branch of the curve. The diagrams show that as the
magnitude of the initial imperfection increases, the des-
cending branch becomes steeper. This holds for all the
imperfect models at both room conditions and at elevated
temperatures.

6.2 The dimensionless moment-rotation curves
and the rotational capacity

In order to compare the results in different temperature
levels in a more systematic way and to calculate the
rotational capacity, it is necessary to use dimensionless
values for the moment and the rotation. The dimensionless
moment-rotation curves are presented in Fig. 11.
Concerning the moment, Myr is used for the normalization,
which is the plastic moment resistance defined as My =
fywpi. For the rotation, the normalization is based on Gyr.
This value is taken according to the results of the
corresponding analyses (Table 2).

Next, the rotational capacity oot is evaluated using the
dimensionless curves. As it was previously referred, the
rotational capacity is obtained using the value 0.9Myr. In
Fig. 12 it is clearer that the rotational capacity is reduced as
the temperature increases and this holds for both the
“perfect” and the “imperfect” models. It is noted that the
rotational capacity is slightly increased at 500°C and 800°C.
This can be connected to the ratio of the modulus of
elasticity to the yield stress at elevated temperatures.
Specifically, if the evolution of this ratio with temperature is
plotted, the same phenomenon is also present (Fig. 5,
Franssen and Vila Real 2010). Moreover, it is noticed that
the amplitude of the initial imperfections has a dominant
effect to the rotational capacity and, specifically, as the
amplitude increases, the rotational capacity is considerably
reduced.

7. Virtual three point bending tests of
beams pre-damaged due to cyclic loading,
at elevated temperatures

In the previous section the reference case where the

beams are considered undamaged is presented. In order to
study in a more realistic manner the performance of
structural members under FAE loading, the earthquake
induced damage should be considered. It is essential to
include this damage in order to quantify the effect of
seismic excitation to both the rotational capacity and the
ultimate moment resistance of cross-sections.

Considering the previous, in this study the cyclic
loading is introduced in order to induce a certain level of
damage in the beam. Specifically, this simulates the damage
that is induced in the beams of a frame structure, due to
earthquake loading. The level of damage induced in the
frame structure varies and depends on the accelerogram that
is used and on the scale factor that is considered. Taking
into account the previous, it is obvious that different
patterns of cyclic loading should be used in order to
simulate different levels of damage induced in the beam.

The numerical analysis that is conducted for the
simulation of three point bending test of pre-damaged
beams has three different stages. The analysis is
displacement controlled. The first stage is the cyclic loading
which induces a certain level of plastic deformations
(damage) in the beam. In the second stage the temperature
increases until the desired level is reached. The monotonic
loading stage follows, while the temperature remains
constant.

The determination of the pattern of the cyclic loading is
crucial since the point where this stage ends defines the
initial configuration of the beam for the next stage.
Actually, three different possibilities can be considered for
the point where the cyclic loading is terminated. The
behaviour of the beam is depicted through the total reaction
force-displacement curves (total reaction force includes
both reactions of the beam). The first one (configuration a)
corresponds to the state where the imposed displacement
becomes zero but the reaction is not eliminated. In the
second case (configuration b) the beam does not return to
the initial position, thus the displacement is not equal to
zero but the reaction is eliminated. In the third case
(configuration c), at the end of the cyclic loading both the
displacement and the reaction are zero (Fig. 13).

The behaviour of the beam during the thermal loading
stage depends on the configuration of the beam at the
beginning of the stage. In the case where residual forces are
present in the beginning of thermal loading (configuration
a) the beam deflects under these forces when the
temperature rises and this is not expected to happen. This
can be avoided using configurations b or c. In the case of
configuration b, residual displacements remain at the end of
the cyclic loading, something that makes the subsequent
results dependent on the direction of the monotonic loading.
In order to overcome the above problems, configuration ¢ is
finally adopted. The three different stages are illustrated in
Fig. 14.

7.1 The considered cyclic loading patterns

Five different cyclic loading patterns are studied and
they are presented in Fig. 15. The cyclic loading (displace-
ment controlled) is conducted actually for one and a half
cycle. During the first cycle, the amplitude of the imposed



Rotational capacity of pre-damaged I-section steel beams at elevated temperatures

61

A displacement A displacement A displacement
+d0——~ +do——~ +d0———
S T P
pseudo-time pseudo-time pseudo-time
& REEREEE S RERREEEE o
“Reaction force ‘Reaction force “Reaction force
>=-
I I I I
I I I I
1 1 1 1
- Sl 1 .
'wuo +doV -\UO +d07 'wuo +d +d07
I displacement I displacement I displacement
I I I
I I I
configuration a configuration b configuration ¢
Fig. 13 Different configurations concerning the cyclic loading
4 260 steps 60 steps 200 steps 4 maximum (same) value is attained and in the following the

juawaoe|dsip

0.05

8 7
> 0.04 .
= RN
qé 0.03 ./, o~ N \.
3 rr S '._\\\\ \
2 0.02 MO
=y 4, N
2 1 Yy OAY
;_s 0.0 /2.". .'\"
0
-0.01 N 5
—0.0125rad \\\\\ /;,,
0.02 1 e 0.0156251ad AR
-0.03 ++ ===-=- 0.01875rad '\.\\\ " g :_/
0.04 = = =0.025rad RN
e - - — 0.03125rad T
-0.05 I |
S o - - = -
" = v S b

N .
pseudo-time
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displacement varies between 0.02 m and 0.05 m for the
different patterns that are considered, as it is illustrated in
Fig. 15. Specifically, first the maximum value of the
displacement is reached, then it is reduced until the negative

imposed displacement is eliminated. The final half pattern
that follows is the same for all the considered cases and
aims to the attainment of the configuration where both the
displacement and the reaction are zero. The designation of
the patterns is based on the magnitude of the imposed
rotation on the beam, as it can be observed in Fig. 15.

The “level of damage” induced in the beam during the
cyclic loading stage depends on the amplitude of the
imposed displacement. This can be clear if the plastic
deformation field is considered. Thus, the results of the
analyses that follow are dependent on the cyclic loading
pattern that is used.

7.2 Moment-rotation curves for
the monotonic loading

Figs. 16 and 17 depict the moment-rotation curves
corresponding to the monotonic loading stage (3™ stage of
the loading procedure of Fig. 14). The comparison is
carried-out with respect to the ‘level of damage’ induced
during the cyclic loading stage for every temperature level
and for different amplitudes of initial imperfections. It is
noted that the ultimate moment resistance of the beam is
slightly reduced as the ‘level of damage’ increases. This
holds for small amplitudes of initial imperfections. As the
amplitude increases, the reduction becomes significant.
Table 3 presents the ultimate moment resistance of the pre-
damaged beam at different temperature levels. It is
observed that the reduction of the moment resistance with
respect to the calculated plastic resistance of the cross-
section is independent of the temperature level and is
almost equal to 1%, 5% and 10% for amplitude of initial
imperfections 0.5 mm, 2 mm and 5 mm respectively. The
previous values correspond to the maximum reduction that
is obtained and it is referred to the case where the imposed
rotation during the cyclic loading is 31.25 mrad.
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Table 3 The moment resistance of the beam and the maximum rotation at different temperature levels
considering the amplitude of initial imperfections

T (°C) 20/100 200 300 400 500 600 700 800
Moment resistance (KNm)  618.62 615.38 614.89 614.58 479.96 288.71 140.62 66.87
Amplitude of initial imperfections 0.5 mm

12,5 mrad My (KNm) 618.90 618.38 618.56 618.72 483.13 290.72 141.64 67.34
Opmax (rad) 0.008 0.017 0.024 0.030 0.028 0.031 0.033 0.029
My (KNm) 618.94 618.37 618.44 618.58 483.05 290.64 141.60 67.33

15.625 mrad
Ormax (rad) 0.006 0.016 0.022 0.029 0.027 0.030 0.032 0.027
T M, (KNm) 618.89 618.19 618.09 618.16 482.73 290.43 141.48 67.28
Omax (rad) 0.006 0.014 0.021 0.028 0.025 0.028 0.030 0.026
P My (KNm) 618.17 616.79 615.93 615.62 480.88 289.16 140.76 67.02
Opmax (rad) 0.005 0.010 0.018 0.024 0.022 0.025 0.028 0.022
Moment reduction (%)" 1.05 1.05 0.80 1.06 1.22 1.14 1.28 1.47
19,5 mrad My (KNm) 617.04 613.28 609.78 607.39 474.89 285.02 138.51 66.16
Opmax (rad) 0.006 0.011 0.017 0.023 0.022 0.024 0.027 0.022
My (KNm) 616.19 612.55 608.73 606.27 474.03 284.48 138.22 66.04

15.625 mrad
Opmax (rad) 0.005 0.010 0.016 0.022 0.020 0.023 0.025 0.020
I My (KNm) 614.33 610.99 606.90 604.20 472.50 283.48 137.65 65.82
Opmax (rad) 0.005 0.009 0.015 0.021 0.019 0.022 0.024 0.019
P My (KNm) 605.07 603.47 599.62 596.47 466.59 279.75 135.74 64.97
Ormax (rad) 0.005 0.007 0.013 0.019 0.017 0.020 0.022 0.017

Moment reduction (%)" 4.54 4.10 4.42 4.83 4.69 3.90 5.39 4.87
19,5 mrad M, (KNm) 605.79 601.78 596.18 591.83 463.13 277.46 134.59 64.49
Omax (rad) 0.006 0.009 0.014 0.020 0.018 0.021 0.023 0.018

M, (KNm) 600.97 598.04 592.49 587.95 460.17 275.60 133.64 64.06

15.625 mrad

Omax (rad) 0.005 0.007 0.013 0.019 0.017 0.020 0.022 0.017

T M, (KNm) 593.37 591.25 586.15 581.39 455.10 272.48 132.04 63.32
Ornax (rad) 0.005 0.007 0.012 0.017 0.016 0.019 0.021 0.016

P M, (KNm) 593.37 574.05 570.30 565.58 442.83 264.99 128.31 61.47
Omax (rad) 0.005 0.007 0.010 0.015 0.014 0.017 0.019 0.015

Moment reduction (%)" 9.91 9.91 9.61 10.05 10.73 10.48 10.99 11.61

! The reduction is calculated with respect to the plastic moment resistance of the cross-section

Additionally, it can be noticed that the rotation that The evolution of the available rotational capacity of the
corresponds to the ultimate moment resistance is reduced as beam with temperature is depicted in Fig. 18 considering
the ‘level of damage’ induced during the cyclic loading is the amplitude of the initial imperfections and the magnitude
increased. This is valid for all the amplitudes of the initial ~ of the imposed rotation during the cyclic loading. It is
imperfections that are considered. obvious that the rotational capacity is reduced at elevated

temperatures. Moreover, as the ‘level of damage’ increases,
7.3 Rotational capacity the capacity of the beam reduces and this becomes more
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Fig. 18 Available rotational capacity of the pre-damaged beams for different levels of damage considering the effect of

the initial imperfections

critical as the amplitude of the imperfections is enlarged. It
is noted that at 700°C and 800°C, for amplitude of the
initial imperfections Smm and in the case where the
magnitude of the imposed rotation during the cyclic loading
is equal to 25 mrad and 31.25 mrad, the moment resistance
of the beam does not exceed the value 0.9My 1. This
indicates that the rotational capacity of the beam becomes
ZEeTo.

It can be concluded that the classification of the specific
cross-section (Class 1 at elevated temperatures for bending
about the major axis) does not hold in the case of FAE
loading. It can be noticed that if the earthquake-induced
damage is considered, the cross-section can develop the
plastic-moment resistance at elevated temperatures, but the
rotation capacity is limited due to the development of local
buckling. This indicates that the classification of the cross-
section results to Class 2. In the limit case where the
amplitude of initial imperfections is considered to be equal
to 5 mm, Class 3 should be taken into account.

7.4 Proposal for failure criterion in case of FAE

The fire-resistance time of steel frame structures under
FAE loading can be determined either using strength or

stability criteria. In this section the proposed criterion is
based on the ultimate value of the rotation (6,) of beams
(termed in the sequel as “ultimate available rotation™) since
it is ensured that the global buckling is prevented. The
advantage of using this criterion is that the earthquake-
induced damage can also be considered. Moreover, the
proposed criterion takes into account the existence of initial
imperfections and the possible local buckling phenomena
that may arise. Since the value of the ultimate rotation
corresponds to the exhaustion of the rotational capacity of
the cross-section, this value is actually a limit value and the
structural member cannot carry furthermore the applied
loading. In this point of view, the ultimate value of rotation
can be proposed as a criterion for the identification of the
failure of the structure during the fire i.e., for the
determination of the fire-resistance time. The ultimate
values of rotation could be utilized during the FAE design,
using appropriate safety factors in a manner similar to the
performance-based design procedure that is used in
earthquake engineering.

The change of the values of ultimate available rotation
with temperature are presented in Fig. 19. It is noticed that
as the temperature rises, the ultimate available rotation is at
first reduced and in the sequel it is slightly increased. On
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Fig. 19 Ultimate available rotation of the pre-damaged beams for different levels of damage considering the effect of the

initial imperfections

the other hand, the “level of damage” induced due to cyclic
loading affects strongly the ultimate available rotation.
Specifically, the aforementioned rotation is considerably
reduced when the “level of damage” is enlarged and this
becomes more important as the amplitude of the initial
imperfections increases.

It has to be stressed that the present paper aims to
designate an alternative failure criterion for the design of
steel beams in case of FAE situations, rather than to propose
actual values for the general case. These values should be
determined after the elaboration of a number of both real
and virtual tests that will examine in detail all the
parameters that affect the problem, such as the length of the
beam, the types of damage induced by real earthquake
loading, etc.

8. Conclusions

This paper is focused on the calculation of the rotational
capacity of steel beams at elevated temperatures. Moreover,
a failure criterion for the determination of the fire-resistance
of steel frame-structures under fire and FAE loading is
proposed. To this end, three-dimensional shell finite
element models are used for the simulation of the behaviour
of I-beams at elevated temperatures. First, the models are

validated against published experimental results. The
evaluation of the rotational capacity of the pre-damaged
beam at elevated temperatures is based on the standard
beam approach. Cyclic loading is used in order to simulate
the damage that is induced at the ends of the beams, that is
actually a member of frame structure, due to earthquake
loading. Different cyclic loading patterns are introduced in
order to induce a specified “level of damage” in the beam.
The ductility of the beams is obtained through virtual three-
point bending tests (monotonic loading), which follow the
cyclic loading stage. Parametric analyses are conducted
with respect to the amplitude of the initial imperfections
and to the different amplitudes of the cyclic loading pattern,
at elevated temperatures. The failure criterion that is
proposed in this paper is the value of the rotation that
corresponds to the exhaustion of the available rotational
capacity of the beam. The term ultimate available rotation
is used to identify this rotation. It is concluded that, clearly,
the ultimate available rotation depends on the amplitude of
the initial imperfections and on the “level of damage”
induced due to the cyclic loading.
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