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High strength steels (HSS) are increasingly being utilised in load-bearing applications, in particular long
span and high-rise structures where there are environmental and economic benefits of using this
material over conventional steel grades such as S355. However, there is limited performance data
and design guidance rules for the buckling behaviour of HSS under fire conditions. The current fire
resistance guidelines given in design codes are typically derived from data on steels with a yield
strength less than 460 N/mm?2. In this paper, a numerical modelling study, using the finite element
analysis package ABAQUS, has been carried out to assess the suitability of Eurocode fire resistance
design rules for HSS columns. Elevated temperature stress-strain relationships derived from
experiments were used in the development of the finite element model. The models are first validated
against available test results and then used to conduct a series of parametric studies to investigate
the effects of variation of steel grade, cross-section slenderness and member slenderness on the
elevated temperature buckling response of HSS columns. The results are compared with the Eurocode
predictions and improvements to the existing design procedures are proposed.

List of notation

A cross-section area of the structural member

Acst effective cross-sectional area

b width of the cross-section

h depth of the cross-section

Ea elastic modulus

Eae elastic modulus at temperature 6

Eo tangent modulus at 0.2% proof strength

fer elastic critical buckling stress of the most slender constitute plate element in the section

foop20  0.2% proof strength at ambient temperature
fo.2p 0.2% proof strength

foe proportional limit at temperature 6

f1.0p 1.0% proof strength

fy nominal or design yield strength

fy,20 effective yield strength based on 2% total strain at ambient temperature 6 (20°C)
fy.e effective yield strength based on 2% total strain at temperature 6

ko2pe  the reduction factor for the 0.2% proof strength at steel temperature 0

ky,e the reduction factor for the effective yield strength at steel temperature 6

Kea,0 the reduction factor for elastic modulus at steel temperature 6

L column length

m strain hardening exponent determined from the points (fo.2p, €0.20) and (f1.0p, €1.0p)-
n strain hardening exponent

Npfitrd the design buckling resistance at time t of a compression member

ri internal radius of curvature

t thickness of cross-section

a imperfection factor

YMLfi the partial safety factor, for fire situation the recommended value is 1.0



€ parameter used to determine cross section classification or strain

€0.2p total strain at 0.2% proof strength fo 2

€1.0p total strain at 1.0% proof strength f1.0,

€nom engineering strain

sg} log plastic strain

€5, strain at the proportional limit

€10 limiting strain for yield strength

€y,0 yield strain

€40 strain at ultimate tensile strength

0 temperature

o stress

Onom engineering stress

Otrue true stress

A non-dimensional slenderness at ambient temperature
Ao non-dimensional slenderness at temperature 6

Vo parameter used to calculate ys

Xii the reduction factor for the flexural buckling in the fire
Wo local imperfection amplitude

1 Introduction

This paper is concerned with the behaviour of columns made from high strength steel in fire
conditions. High strength steels (HSS) are defined herein as steel grades with a yield strength between
460 and 700 N/mm? in accordance with Eurocode 3 Part 1-12 [1]. These grades are increasingly being
utilised in structural applications, in particular for long span structures and high-rise buildings where
there are environmental and economic benefits of using these grades over conventional steel grades
(e.g S355). The higher strength of these materials compared with mild steel can result in smaller
section sizes and less material being required for members where strength rather than deflection
governs the design. As a consequence, there may be benefits in terms of reduced foundation sizes,
less transportation and handling costs and an overall reduction in the environmental impact of the
construction.

Despite their increasing popularity, one of the main barriers to more widespread use of HSS in
construction is a lack of usable design information which allows designers to fully harness their
advantages. In this context, and owing to the ever-increasing demands for more sustainable
construction, there has been an increase in research activity on the subject of HSS structures in recent
years including major European collaborative projects [2,3], as well as studies into beams [4], columns
[5,6] and also different extreme loading scenarios [7-9].

In the case of a fire, structures should meet the legal requirements for fire resistance (i.e. the ability
of a structure to maintain its function for a prescribed amount of time in a fire [10]), and this involves
having an understanding of how structural elements perform in such an event. There is a considerable
amount of information in the literature on the buckling behaviour of conventional steel grades at
elevated temperatures [11-13]. Most of this work, which includes experiments and numerical
modelling, has contributed towards the current structural fire design guidelines given in Eurocode 3
Part 1-2 [14]. Although the Eurocode was derived from data on steels with yield strengths less than



460 N/mm?, these guidelines are currently applicable to HSS with no additional design comments.
Further research is necessary to assess the applicability of these design rules, specifically to ensure
the standards are reliable and economical. To date, there are very limited performance data and
studies on the buckling behaviour of HSS columns under fire conditions [15—17], mainly owing to the
significant expense associated with high temperature structural testing as well as the lack of reliable
material properties which are needed for analysis and design [18].

In this paper, a numerical study is carried out to investigate the structural performance and design of
high strength steel columns for fire conditions. The paper proceeds with a discussion on the
metallurgical characteristics, in particular the strengthening mechanisms employed, and the various
production routes used to produce HSS and will also comment on how these are affected by
temperature. The various mathematical representations of the stress-strain response are described
and the modified Ramberg-Osgood model proposed by Gardner and Nethercot [19] is used to
characterise the stress-strain response of S690QL and S700MC at elevated temperatures, obtained
from a previous study [20]. Results from that experimental study showed that S700MC has better
strength retention properties than S690QL at temperatures up to 800°C, mainly owing to the alloying
content and production route of these steels. S7T00MC is thermomechanically control processed (M)
and suitable for cold forming (C), whilst S690QL is quench and tempered (Q) and meets the minimum
impact energy of 30J at -40°C (L). Finally, the general purpose finite element analysis software
ABAQUS [21] is used to develop and validate numerical models for predicting the ultimate loads of
the columns at ambient and elevated temperatures. A parametric study is then conducted, which
incorporates the elevated temperature stress-strain relationships of S690QL and S700MC. The aim of
this study is to generate data on the structural performance of Class 1 and Class 3 columns made from
these steel grades at temperatures up to 800°C and assess the suitability of the Eurocode buckling
curves [14] for HSS columns in fire conditions.

2 Material and metallurgical properties of high strength steels

2.1 Strengthening mechanisms

There are a number of different strengthening mechanisms used to make high strength steels. Most
of these involve restricting or reducing the movement of metallographic imperfections known as
dislocations through the material. Plastic deformation is due to the movement of these dislocations
and so, by restricting their mobility, the dislocations require more stress to move, resulting in an
increase in yield strength. The dislocation movement can be slowed down by the presence of alloying
elements in the form of solute atoms (e.g. molybdenum) or precipitates (e.g. molybdenum carbides),
grain boundaries or other dislocations. Commercial grades of HSS are typically strengthened through
a combination of mechanisms rather than just one isolated approach. The most commonly employed
of these strengthening mechanisms, as well as how they are affected by elevated temperature, are
summarised as:

e Grain refinement: the process of producing a microstructure with fine grains which, in turn,
results in more grain boundaries. In general, between 400-700°C, grain growth occurs which



reduces the amount of grain boundaries. However, it has been shown that the yield strength
becomes almost independent of grain size at temperatures above 600+50°C [22].

e Solid solution strengthening: by distorting the iron crystal lattice, the movement of
dislocations is reduced resulting in an increase in yield strength. It has been shown [23] that
solid solution strengthening does not adversely affect the ductility and is largely unaffected
by temperature.

e Precipitation hardening: this method differs from solid solution strengthening in that the
increase in yield strength is due to the precipitates directly obstructing the motion of
dislocations as opposed to indirectly through distorting the iron crystal lattice. Chromium,
molybdenum, niobium, vanadium, tungsten and titanium carbonitrides used in steel form at
about 500-650°C [24] and, hence, precipitation hardening is a useful strengthening
mechanism at elevated temperature [23].

e Strain hardening: this is when dislocations are introduced into the crystal lattice through
plastic strain. Since dislocations are obstacles to each other, an increase in the dislocation
density leads to an increase in strength. Recovery occurs at elevated temperature where the
amount of dislocations introduced through plastic strain is reduced and so the impact of this
strengthening mechanism reduces [25].

2.2 Production routes

In addition to the different strengthening methods, high strength steels are produced in different ways
using various heat treatments and rolling regimes to manipulate the microstructure and achieve the
optimal properties for a given application. Alloying elements, such as carbon, manganese,
molybdenum, niobium and vanadium also play an important role in manipulating the microstructure
through the different strengthening mechanisms mentioned previously. HSS are traditionally hot
rolled in the austenitic region which is typically above 900°C but this temperature is dependent on the
chemical composition. The steel is then cooled at different rates to get the desired mechanical
properties. The steel grades for structural steels in Europe are denoted by an S at the beginning of
their designation followed by the minimum yield strength in N/mm? and then the production
route/delivery condition, where N, Q, M and C are used for materials that are normalised (N), quench
and tempered (Q), thermo-mechanically rolled or thermo-mechanically control processed (M) and
cold-formed (C), respectively.

2.3 Stress-strain relationship in design

Many advanced calculation methods such as finite element analysis require the full stress-strain
response of a material to accurately depict the structural behaviour at ambient and elevated
temperatures. Various mathematical relationships exist to capture this behaviour which are discussed
hereafter.

2.3.1 Ambient temperature
Eurocode 3 Part 1-1 [26] adopts a bilinear stress-strain response for mild steel at ambient

temperature. In this case, the response of the steel is assumed to be linear-elastic up to the yield point
(fy) and then exhibits a yield plateau as illustrated in Fig. 1.
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Figure 1 Bi-linear stress-strain relationship

2.3.2 Elevated temperature
At elevated temperature, it is noted that the stress-strain relationship becomes increasingly non-

linear, that s, the linear elastic region reduces and becomes difficult to distinguish from the non-linear
plastic region. Similar to the Eurocode approach for ambient temperature design, multi-linear
functions can be used to approximate the stress-strain behaviour. Although this method simplifies the
stress-strain behaviour, it is acceptable to use when deformation does not play a significant role and
only the load-carrying capacity is critical for design. To get an accurate representation of the stress-
strain behaviour, a large number of data lines are required [27].

Eurocode 3 Part 1-2 [14] adopts Rubert and Schaumann’s [28] model derived from anisothermal tests
on beams. This is a four-stage material model, as depicted in Fig. 2. With reference to this figure, the
first stage is a linear elastic region defined by a temperature dependent gradient (elastic modulus, E )
up to the proportional limit (f,6), which is defined as the point where the curve changes from elastic
to plastic. The second stage begins at the proportional limit (fy¢) and is graphically represented as an
elliptical curve up until the maximum strength (f,) is achieved at a strain of €,6(2%). In the third stage,
a constant strength is assumed between g,pand & (Which is defined in the Eurocode as 15%) and at
the fourth stage the stress drops to zero at the ultimate strain €, (20% in the Eurocode). An
alternative stress-strain relationship, which incorporates strain hardening for temperatures below
400°C, is provided in Annex A of Eurocode 3 Part 1-2 [14].

A disadvantage of this model is that the rate of change of gradient (i.e. the curvature) from the
proportional limit (fpe) and yield (f,e) points are not continuous [29]. The elliptical curve used to
characterise the stress-strain response at elevated temperature has been shown to overestimate the
stress-strain response of some high strength steels including S460N and S460M [30], HSA800 (S650M)
[31] as well as RQT 701 [32]. Consequentially, these limiting factors may result in the overestimation
of the buckling capacity of steel element in a fire scenario.
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Figure 2 Stress-strain model for steel at elevated temperature as shown in Eurocode 3 Part 1-2 [14]

A popular choice amongst researchers is the modified Ramberg-Osgood model, which has been used
to characterise the stress-strain response of various HSS [e.g. 15,31,33] at elevated temperature. The
original Ramberg-Osgood model [34], which was later modified by Hill [35], is presented in Eq. 1:

e = (%) + 0.002 <%>n (1)

where ¢ and € are the engineering stress and strain, respectively, E, is the elastic modulus, fo2is the
0.2% proof strength and n is the strain hardening exponent, which describes the curvature of the
stress-strain curve (i.e. the lower the value of n, the more gradual the transition from linear to non-
linear part of the stress-strain curve).

Compound Ramberg-Osgood models have been proposed by Mirambell and Real [36], Ramussen [37]
and Gardner and Nethercot [19], where different portions of the stress-strain curve are modelled
using separate Ramberg-Osgood models. Mirambell and Real’s proposal was limited to tensile
applications since the tensile strength and strain are used. Gardner and Nethercot’s model uses the
1.0% proof strength (f1.0p) and corresponding strain (€1.0p) instead of the tensile strength to make the
model applicable in both tension and compression applications and achieve greater accuracy at strains
of general interest in structural applications (i.e. up to 10%) [19].

In the model proposed by Gardner and Nethercot [19], Eq. 1 is used to characterise the stress-strain
curve up to and including the 0.2% proof strength (fo2p). For stresses greater than the 0.2% proof
strength, Eq. 2 is used:

- fo2p f1.0p— fo.2p o= fozp m
£ = (—')+(s _ €00p — — : )x : + &4, for o >fos (2)
Eo.2 1.0p=~02p Eo.2 f1.0p— fo.2p 0-2p :

where Ep is the slope at 0.2% proof strength and m’ is the strain hardening exponent determined
from the points (fo.2p, €0.20) and (f1.op, €1.0p)-

Gardner and Nethercot’s [19] adaptation of the Ramberg-Osgood model (Egs. 1 and 2) has been
applied to represent the stress-strain response of two different grades of HSS, S690QL and S700MC



which are named steels A and B hereafter, respectively, at various levels of elevated temperature. The
stress-strain data for both grades was obtained from an extensive series of tensile tests, conducted at
various temperatures up to 800°C; further details on these tests, including the experimental
procedure, are available elsewhere [20]. The parameters for the modified Ramberg-Osgood model are
presented in Tables 1 and 2. The strain hardening parameters n and m’ were obtained using the
ordinary least square method as described by Afshan et al. [38]. Examples of Eq. 1 and 2 fitted to
experimental data for steels A (S690QL) and B (S700MC) are presented in Figs. 3 and 4, respectively.
Generally, the modified Ramberg-Osgood model proposed by Gardner and Nethercot [19] closely
traces the stress-strain response of steels A (S690QL) and B (S700MC) within this temperature range.
The transition from linear to non-linear is more pronounced for steel A (S690QL) than steel B (S700MC)
at temperatures below 400°C as demonstrated through the higher strain exponent, n, in Tables 1 and
2.

All variations of the modified Ramberg-Osgood model, including Egs. 3 and 4, are only capable of
tracing the stress-strain response up to the tensile strength (i.e. maximum strength before necking
occurs), as shown in Figs. 3 and 4. The model cannot account for strain softening, which may be
relevant in applications where high strains are important such as in the case of fire where anticipated
strains may be greater than 2%. Nevertheless, at 600°C for steel A (S690QL), as well as 700 and 800°C
for steel B (S700MC), the ultimate strength was reached at strains less than 2%.

Table 1 Summary of the parameters for the modified Ramberg-Osgood model proposed by Gardner and
Nethercot [19] for steel A (S690QL)

TeMPEAE EGPa) RGP T i : m
20 199.29 341 706.33 717.34 101.98 1.52
100 189.70 10.01 690.00 707.96 32.50 1.52
200 191.16 9.71 667.50 688.78 32.23 1.78
300 183.35 14.89 651.00 699.59 20.08 2.39
400 176.67 16.92 643.00 673.09 16.52 2.88
500 178.00 13.59 567.00 610.21 19.03 5.17
600 149.71 15.21 442.00 499.94 14.07 3.15
700 76.27 9.99 222.50 249.19 9.74 7.62
800 53.74 4.05 70.00 80.06 7.97 3.75

Table 2 Summary of the parameters for the modified Ramberg-Osgood model proposed by Gardner and
Nethercot [19] for steel B (S700MC)

Temg?:g;ure' E. (GPa) Eo» (GPa) (N/f?,finz) (N/fi;i’inz) n m'
20 224.69 24.52 749.33 793.30 13.77 2.40
100 204.63 24.82 744.00 768.96 13.08 2.03
200 217.55 21.37 703.00 749.20 14.80 2.80
300 210.53 26.05 735.00 798.48 12.28 4.17
400 205.57 25.94 691.00 770.08 11.54 3.41
500 190.11 19.16 610.00 672.69 14.34 4.00
600 178.25 23.77 511.50 559.70 9.34 6.86
700 140.76 14.29 350.00 367.35 10.96 3.91

800 86.74 5.51 175.00 179.82 14.87 1.74
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3 Development of the numerical model

Athree-dimensional finite element (FE) model has been developed using the general purpose ABAQUS
software [21] to investigate the behaviour of high strength steel columns at elevated temperature,
utilising the material information described previously. The ABAQUS software was selected as it is
commercially-available and is capable of depicting the material and geometric nonlinearities as well
as the elevated temperature behaviour accurately [9]. In the following sub-sections, the development
of the model is described. This is followed by an account of the validation exercise where the model
is compared with experimental results.

3.1 General

At ambient temperature, there are two stages to the numerical analysis, (1) a linear elastic buckling
analysis using the *BUCKLE procedure in ABAQUS to determine the buckling mode shape, and (2) a
geometrically and materially nonlinear load-displacement analysis, incorporating the buckling mode
shape as an imperfection from stage (1). The stage (2) stress analysis is completed using the modified
Riks method, which is a variation of the classic arc length method and enables the buckling behaviour
to be examined as the structural member undergoes large deformations under an applied load. At
elevated temperature, the columns are modelled isothermally, whereby the initial temperature is set
to the target temperature 8 using the predefined field. Although this is not necessarily representative
of a real fire scenario in which the members would heat up in an anisothermal manner, the isothermal
test conditions have been commonly used by researchers [9,13,39] for numerical and experimental
studies as they tend to provide a reliable and controllable approach, making validation more
straightforward with the result given as an ultimate load for a given temperature [9]. The
Abaqus/Standard analysis method is used in this study.

3.2 Material properties

ABAQUS requires the material stress-strain curves to be specified in terms of true stress otue and log
plastic strain siﬂ which are derived from the nominal engineering stress-strain curves using Eq. 3 and
4, respectively, where onom and enom are the engineering stress and strain, respectively, and E, is the
elastic modulus. Poisson’s ratio is taken as 0.3 at ambient and elevated temperatures in accordance
with Eurocode 3 Part 1-1 [26]. It has been shown that Poisson’s ratio gradually increases from 0.285
to 0.315 between 20 and 800°C [40] and therefore a value of 0.3 is reasonable and adopted in the
model. The alloying content and microstructure has minimal influence on Poisson’s ratio and so it is
assumed that this value can be used to model both conventional and HSS grades [41].

Otrue = Onom (1 + Enom) (3)
sgi = In(1 + €nom) — —xue

“E, (4)

3.3 Boundary conditions and load application

The model assumes that the column is symmetric, both in terms of geometry and the boundary
conditions. Hence, only half of the cross-section over half of the column length is included in the finite
element model. The test boundary conditions are replicated by restraining the appropriate
displacement and rotation degrees of freedom at the column ends. All boundary conditions are
applied through reference points at these locations. At ambient temperature, the columns are pin-



ended so all degrees of freedom of the lower reference point, except rotation about one axis, are
fixed, while the upper reference point is free to displace along the column axis and rotate about the
same axis as the lower reference point.

At elevated temperature, the stub and slender columns have fixed- and pin-ended conditions,
respectively. For the fixed-ended columns, all six degrees of freedom of the lower reference point are
restrained, while the upper reference point is allowed to move longitudinally along the column axis
and is fixed against the other five degrees of freedom. The elevated temperature pin-ended columns
are modelled in the same way with the exception that the rotation axis is set as the minor axis in all
cases. All columns are concentrically loaded through their upper reference point.

3.4 Geometric imperfections, residual stresses and mesh size

All structural members contain geometric imperfections which are introduced during production,
fabrication and handling. Initial imperfections in the form of the lowest local and global buckling mode,
obtained from a linear elastic eigenvalue buckling analysis, are included in the models. The amplitude
of the imperfection is set to replicate the values given during test programmes [13,42], which are used
later for validation. Residual stresses, similarly introduced during manufacturing (e.g. cold-forming) or
welding, are not explicitly incorporated into the models due to their low measured amplitudes and
minimal influence on the member compressive resistance in similar material [42]. Shell elements are
adopted to simulate HSS tubular hollow section columns as have been adopted in similar studies (e.g
[15,42]). The four-noded shell elements with double curvature and reduced integration (S4R) are
employed in all the FE models. Based on a mesh sensitivity assessment, the model employed a mesh
comprising cubic elements whereby the size of the elements was equal to the thickness of the section
under consideration. This was found to provide an efficient solution without compromising the
accuracy of the simulation.

4 Validation of the numerical model

In the absence of elevated temperature tests on HSS columns in the literature, the finite element (FE)
models are validated against (1) the ambient temperature experiments on high strength steel columns
reported by Wang and Gardner [42] and (2) the elevated temperature tests on columns made from
mild steel reported by Pauli et al. [13]. Both test programmes included measurements of material
properties, geometry as well as local and global geometric imperfection amplitudes of the tested
columns. The same modelling procedures are employed for both the room temperature and elevated
temperature tests by incorporating the material properties corresponding to the test temperature
under consideration.

4.1 Ambient temperature response

Wang and Gardner [42] conducted a series of tests on S460N and S690Q hot-finished HSS square
hollow section columns which were pinned at both ends and allowed in-plane rotation of the member
about one axis only. The columns were loaded under displacement control at a loading rate of L/2000
per minute, where L. is the buckling length taking into account the member length (L) plus 150 mm
to account for the distance between the knife-edge supports used to simulate the pin-ended boundary
conditions. A summary of the details from the test programme is presented in Table 3, which includes
the failure load measured during the test (Ny est). Tensile coupon tests on material extracted from the



flat faces of the S460N and S690Q columns were performed to measure their basic engineering stress-
strain response and these are incorporated into the FE models, once converted to true stress and
strain using Eq. 3 and 4.

Table 3 Summary of the test conditions reported by Wang and Gardner [42] at ambient temperature

Steel Nominal section size L Ny test Nu,re

Specimen grade (mm) (mm) (kN) (kN) Nu,test / Nure
C3L1 S460N 100 x 100 x 5 708 878 888 0.99
C3L2 S460N 100 x 100 x 5 1609 798 850 0.94
C3L3 S460N 100 x 100 x5 2799 557 576 0.97
caL1 S690Q 50x50x5 276 690 705 0.98
CaL2 S690Q 50x50x5 518 637 588 1.08
C4L3 $690Q 50x50x5 756 562 520 1.08
C4lL4 $690Q 50x50x%x5 1070 391 360 1.09
C4L5 $690Q 50x50x5 1379 248 230 1.08
C4L6 $690Q 50x50x5 1550 201 195 1.03
C4L7 $690Q 50x50x5 1710 166 165 1.01
C4L8 S690Q 50x50x5 2000 119 126 0.94
C5L1 S690Q 100 x100 x 5.6 709 1571 1608 0.98
C5L2 $690Q 100 x100 x 5.6 1609 1420 1376 1.03
C5L3 $690Q 100 x100 x 5.6 2800 680 679 1.00

Fig. 5 shows the load-lateral deflection curves derived from the numerical models of the C4L6 and
C5L3 members which are compared with their respective test responses. These models are selected
for demonstration purposes and similar graphs have been obtained for all other columns. The
numerical model is observed to provide an accurate depiction of the load-deformation history of the
high strength steel columns. A summary of the comparisons between the ultimate test load (Nytest)
and ultimate FE load (N,e) reached is provided in Table 3, as well as the ratio of these two figures. It
is shown that the FE model gives a mean Ny test/Ny re Value of 1.01 and a COV of 5.0%. From the results
provided in Table 3 it is concluded that the FE model is adequate of predicting the ultimate strengths
of HSS columns at ambient temperature.
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4.2 Elevated temperature response

The FE model described previously is employed to analyse the columns tested by Pauli et al. [13].
Although these experiments were conducted on columns made from conventional S355 steel, they
are used in the current paper for validation of the model owing to a lack of experimental results for
HSS columns in fire. This test programme included tests on square and rectangular hollow sections
(SHS and RHS, respectively), and included both stub and long columns. All members were made of
S355 hot-finished sheets which were rolled into shape at ambient temperature and welded closed.
The experiments were performed under isothermal loading conditions whereby the columns were
first heated to a target temperature of 400, 550 or 700°C and then, once thermal equilibrium had been
established at the desired temperature, a mechanical load was applied at a strain rate of 0.1%/min
until the horizontal displacement increased rapidly and the vertical load could no longer be
maintained. The details of the tests are presented in Table 4. Similarly to the ambient temperature
validation, the elevated temperature model incorporates the material properties corresponding to
the test temperature under consideration. In the test programme, tensile coupons were extracted
from flat faces of the S355 columns and then tensile tests were conducted at ambient, 400, 550 and
700°C under isothermal conditions at a strain rate of 0.1%/min. These tests were analysed [42] and
the proposed input parameters for the modified Ramberg-Osgood model as developed by Gardner
and Nethercot [19] and given in Egs. 1 and 2, are included in the FE model.

Table 4 Summary of the test conditions reported by Pauli et al. [13] at elevated temperature

Specimen Nominal section L ; End-condition Nucest No ez Nugest /
size (mm) (mm) (°C) (kN) (kN) Nu,re
S3 160 x 160 x5 480 400 Fixed 795 767 1.04
S6 160 x 160 x5 480 550 Fixed 468 474 0.99
S5 160 x 160 x5 480 700 Fixed 138 128 1.08
S02 60 x120x 3.6 360 400 Fixed 408 330 1.24
S03 60x120x 3.6 360 550 Fixed 257 218 1.18

S06 60 x 120 x 3.6 360 700 Fixed 74 71 1.04




Pinned about

12 160x160x5 1840 400 > abe 760 701 1.08
major axis

L5 160x160x5 1840 550 Pinned about 467 443 1.05
minor axis

L6 160x160x5 1840 700 Pinned about 130 119 1.10
minor axis

L08 60x120x3.6 1840 400 Pinned about 242 262 0.92
minor axis

L10 60x120x3.6 1840 550 Pinned about 186 165 1.13
minor axis

L05 60x120x3.6 1840 700 Pinned about 71 64 1.10
minor axis

In the elevated temperature test programme, the stub columns were fixed against displacement and
rotation at both ends, apart from axial displacement at the loaded end, while the long columns were
pinned at both ends and allowed in-plane rotation of the member about either the major or minor
axis.

Comparisons of the load-vertical displacement response from the test and FE model are depicted in
Fig. 6, whilst the results from the validation study are presented in Table 4 where Nytest/Nuse is a
measure of how accurately the FE model predicts the ultimate load. For the stub columns, the FE
model gives a mean Ny test/Nyre Value of 1.09 and a coefficient of variation of 7.9%. On the other hand,
for the slender columns the FE model gives a mean Nytest/Nyre Value of 1.04 and a coefficient of
variation of 8.3%. Fig. 6 demonstrates that the model fairly traces the load-deflection response of the
columns; whilst Table 4 shows that the model generally underestimates the ultimate load of the
columns and thus provides a safe prediction for the fire resistance of steel columns. The discrepancy
is relatively small and most likely attributed to various factors such as the use of nominal dimensions
(including the corner radii of the cross-section) and the mean value for the global imperfection as well
as idealised boundary conditions which can be difficult to replicate experimentally. In addition, the
influence of residual stresses introduced during welding are not considered in the model. In summary,
from the results provided in Table 4, it is concluded that the FE model is adequate for predicting the
ultimate strengths of columns made from mild steel at elevated temperature.
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Figure 6 Comparison of the load—lateral displacement curves for column (a) S3 and (b) L2 [13]

5 Parametric study

Following the validation of the FE models, in the current section, a series of parametric studies is
described which have been performed in order to generate further structural performance data to
assess the suitability of the Eurocode 3 Part 1-2 [14] buckling curves for high strength steel
compression members in fire. The influence of a number of salient parameters is investigated
including material grade, cross-sectional geometry and member length. Two grades of HSS, namely
$690QL and S700MC (steel A and steel B, respectively), are included in the study as well as four cross-
section geometries with varying member lengths. The same modelling procedures as explained in the
previous sections are employed in the parametric study. The temperature is applied in an isothermal
manner which involves using the material properties for a given temperature (8); the applied load is
then increased until failure occurs, which is typically soon after the ultimate load has been reached.
Since the influence of time-dependent effects, e.g. creep, are notincluded in the developed FE models,
this approach is considered acceptable.

The outer dimensions of the parametric study models are selected as a 100 x 100 square hollow
section and a 100 x 50 rectangular hollow section, for both grades, resulting in two different cross-
section aspect ratios (i.e. h/b=1.0 or 2.0, where h is the height of the section and b is the width). The
effect of cross-section slenderness is investigated by varying the cross-section thickness, while
maintaining the cross-section outer dimensions. Thus, two different thicknesses are selected for each
of the considered cross-sections such that one Class 1 (with a thickness of 5.6 mm) and one Class 3
(with a thickness of 4 mm) cross-section are modelled in each case, in accordance with the
classification specifications in Eurocode 3 Part 1-1 [26].

For the RHS models, buckling about both major and minor axes is considered to investigate if different
buckling curves are required for each case. All columns are modelled as pin-ended providing a member
non-dimensional slenderness range (A) of 0.5 to 2.5. The measured stress-strain curves for steels A
(5690QL) and B (S700MC) presented in Section 2.2 are first modified into the true stress versus log



plastic strain values before being incorporated into the models. The global imperfection amplitude is
taken as L/1000, where L is the column length, in accordance with the recommendations in Eurocode
3 Part 1-2 [14]. The local imperfection amplitude (wo) is determined using the Dawson and Walker
model [43], as has been used for a similar study on HSS members [4], and is given as:

wo = 0.028t (/) (5)

where t is the thickness, f, is material yield strength and f is the elastic critical buckling stress of the
most slender constituent plate element in the section. Owing to the symmetry in the geometry and
the boundary conditions of the models, only half of the section, and half of the member length, is
included in the model. An example of the deformation of the column for steel B (S700MC) obtained
from the finite element analysis simulation in ABAQUS is presented in Fig. 7. The results from the
parametric study are presented and discussed in the following section, together with design
recommendations.

5, Mizex

SNEG, [Mactian = -1.0)
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+6.157=4+D2
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+E.791=+D1
+d.E1B=+D0

Figure 7 Example of a finite element model of square hollow section made from steel B (S700MC) at 500°C
from ABAQUS



6 Results and analysis

In the previous section, the validation exercise showed that the FE model can reasonably predict the
behaviour of columns made from HSS grade S460N and S690Q at ambient temperature as well as
conventional steel grade S355 at elevated temperature. Therefore, in this section, the model is used
to study the buckling behaviour of columns made from high strength steel, at elevated temperature,
and recommend guidance for design. As mentioned in Section 4, there are no available test results for
HSS columnsin fire. In the following sections, the current design rules given in the Eurocode are briefly
described and then compared with results from the parametric study.

The current design rules in Eurocode 3 Part 1-2 [14] are mainly based on the work by Talamona et al.
[11] and Franssen et al. [12] on H and I-section columns made from conventional steel grades. The
applicability of the Eurocode rules was extended to steels with yield strengths up to 700 N/mm?
without any additional rules for HSS, as specified in Eurocode 3 Part 1-12 [1]. The design guidelines
are summarised, hereafter.

6.1 Cross-section classification
In classifying cross-sections at room temperature in accordance with Eurocode 3, the material factor
(€) given in Eq. 6 for carbon steel is used to allow for variations in the material yield strength f, :

235

fy 20 (6)

€ =
At elevated temperature, a reduction factor of 0.85 is applied to €, as shown in Eq. 7, to account for
the decline in strength (ky,e) and stiffness (kea0) in a fire situation:

kge | 235 235
€= — |— = 085 | —
kyo | fy.20 fy,20

(7)

)% as a function of temperature is presented in Fig. 8 for steels A (S690QL)

The variation in (kee/ky,e
and B (S700MC) [20], as well as the corresponding Eurocode values [14], determined from the
recommended reduction factors. From this figure, it can be seen that 0.85 is generally conservative
for these HSS grades and can be considered as an additional safety factor. For steels A (5690QL) and
B (S700MC) the variation of (kge/kye)%° is close to unity until around 450-500°C. At temperatures
greater than 500°C, (keo/ky,0)%° is greater than unity and thus the cross-section classification may not
change but will improve. This highlights the fact that 0.85 may be too conservative for members made
from HSS and could result in underestimating the overall buckling resistance. Based on the reduction
factors for steels A (S690QL) and B (S700MC), an appropriate value for cross-section classification of
HSS columns would be 0.95. However, due to the inherent variability in material properties resulting
from the differences in chemical composition and production route it may be more appropriate to
directly incorporate the material strength and stiffness reduction factors (i.e. (kee/ky,6)*°) rather than
generalise to a single value of 0.85.

Following the Eurocode approach, the cross-section classification of a square hollow section with
dimensions 100 x 100 x 4 made from steels A (5690QL) and B (S700MC), at elevated temperature,



changes from Class 3 to Class 4, owing to the reduction factor in Eq. 7. Similarly, a 100 x 50 x 4
rectangular hollow section also changes from Class 3 to Class 4. On the other hand, the Class 1 sections
assessed in the parametric study (i.e. 100 x 100 x 5.6 SHS and 100 x 5.0 x 5.6 RHS) retain their Class 1
classification.

1.8 +
- = = Steel A (S690QL)
—— . = Steel B (5700MC)
16 - 0.85 [14] ;
= = (.95 (Suggested value for steels A and B) II
------ EN 1993-1-2 [14 /
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Figure 8 Variation of (ke e/ky,6)%° reduction factors with temperature

6.2 Stability of compression members

In accordance with Eurocode 3 Part 1-2 [14], the design buckling resistance (N it rd) Of @ compression

member with Class 1, Class 2 or Class 3 cross-section with uniform temperature 8 is determined as:
XfiAky,ny,ZO

Np fitrd = R (8)
i

where A is the gross cross-sectional area of the structural member, ky¢is the reduction factor for the
effective yield strength presented in Section 2.5, f, 50 is the yield strength at ambient temperature, yw,si
is the partial safety factor for fire situation which is taken as 1.0, in accordance with the
recommendations in Eurocode 3 Part 1-2 [14], and ys is the reduction factor for flexural buckling in

the fire design situation given by Eq. 9:
1

Xfi =
_ 9
Pp + /cpé—lé ©

In this expression, @g is determined from Eq. 10, whilst the imperfection factor a is found from Eq.
11:

1 - =
Qg = E [1 + (X}\e + 7\%] (10)



235
a = 0.65 . (11)
y,20

In these equations, 7\9 is the non-dimensional slenderness at temperature 0 as defined by Eq. 12, A is
the non-dimensional slenderness at ambient temperature and kg0 is the reduction factor for the
elastic modulus at temperature 6.

K
¥ (12)
Kg, 0

7_\9 = 7\
For Class 4 sections, where local buckling instabilities must be considered, a similar approach to
ambient temperature design can be used. The cross-sectional area A and reduction factor kyegin Egs.
8 and 12 are replaced by the reduced effective area A« and the reduction factor for the 0.2% proof
strength kop,e presented in Eq. 13, as specified in Appendix E of Eurocode 3 Part 1-2 [14]. However,
the critical temperature for Class 4 sections is limited to 350°C which has been shown to be overly
conservative and could be improved [45].

(13)

The aforementioned equations (9-12) are used to produce buckling curves for fire scenarios for Class
1-3 cross-sections, which are presented in Fig. 9. It should be noted that the buckling curves at
elevated temperature differ from those presented in Eurocode 3 Part 1-1 [26], for the design of steel
structures at ambient temperature, which is presented in Fig. 10 for reference. Firstly, at elevated
temperature, there is no plateau in the buckling curve (i.e. at low values of Ag). In addition, at ambient
temperature, five different buckling curves (ag a, b, cand d) are provided in the code, where the choice
of appropriate buckling curve is dependent on the yield strength, geometry of the cross-section,
manufacturing process (e.g. hot finished or cold formed) and the buckling axis. On the other hand, the
elevated temperature buckling curves are dependent on the yield strength at ambient temperature
(fy,20) as shown in Fig. 9. In this figure, the buckling curves for S275 and S460 are derived using the
reduction factors in Eurocode 3 Part 1-2 [14] whilst the curves for steels A (5690QL) and B (S700MC)
utilise the reduction factors derived during an extensive experimental programme [20]. It can be seen
that the buckling coefficient increases with (nominal) yield strength as mentioned by Talamona et al.
[11] and Franssen et al. [12]. It should be noted that the use of 7\9 defined in Eqg. 12 allows for all
buckling curves at temperature 6 to be represented by a single curve for a given yield strength.
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6.3 Results

This section presents a comparison of the results from the parametric studies with the
recommendations in Eurocode 3 Part 1-2 [14] outlined previously. For Class 1 SHS and RHS columns,
the buckling reduction factor ys is calculated by normalising the ultimate buckling load obtained from
the FE models by the ‘squash’ load Af, ¢k, 6 and the non-dimensional slenderness A4 is calculated using
Eg. (12). Since the Class 3 classification changes to Class 4 when taking into account the reduced value
€ mentioned in Eq. (7), the ultimate buckling load is normalised by Aesfo2p6ko206 and the non-
dimensional slenderness Ag is calculated using Eq. (13). The reduction factors (kyeand ko2pe) from a
previous study [20] were used in the calculations.

The buckling curves and FE results for Class 1 and Class 3 SHS and RHS members made from steel A
(5690QL) and B (S700MC), respectively, are presented in Figs. 11 and 12. The buckling coefficients at
100, 200 and 300°C are not presented here, however it is rational to assume that the buckling
coefficients will lie between 20 and 400°C. With reference to Fig. 11 (a), the Eurocode buckling curve
is generally conservative with respect to the buckling coefficients for steel A (S690QL), with the
exception of 800°C at 7_\9 values below unity. Similarly, in Fig. 11 (b) the Eurocode buckling curve is
conservative and adequately predicts the ultimate buckling load for steel B (S700MC) at all
temperatures which is related to the better strength and stiffness properties of this material. In Fig.
12 (a), it can be seen that generally, the Eurocode curve is conservative with respect to the buckling
coefficients and safely predicts the buckling behaviour of Class 3 sections which change to Class 4
sections at temperatures up to 800°C, even though the Eurocode limits the application of buckling
curves for Class 4 sections to temperatures up to 350°C only. There is little disparity between the
major and minor buckling axes for RHS sections.

At non-dimensional slenderness values below 1, steel A (S690QL) had higher buckling coefficients and
more scatter between the buckling coefficients compared with steel B (S700MC). This is related to the
shape of stress-strain curve of the two materials, which strongly influences the stability behaviour of
the steel members at low non-dimensional slenderness values (Ag<1.0). For steel B (S700MC), the
shape of the stress-strain curve shown in Fig. 4 is non-linear at all temperatures and quite consistent
in shape. This is further demonstrated by the strain hardening exponents, n, in Table 2, which are
relatively similar at all temperatures, varying between 9.34 and 14.87. However, for steel A (S690QL),
the stress-strain response at ambient temperature (20°C) displays an almost bi-linear elastic-plastic
response up to the 2% total strain, and shows more non-linear behaviour at higher temperatures as
shown in Fig. 3. This is demonstrated by the great disparity between the strain hardening exponents,
n, in Table 1, which range from 7.97 to 101.98. The variable degree of nonlinearity of steel A (5690QL)
with temperature leads to different buckling responses and hence results in the increased scatter in
the obtained results. Members with a non-dimensional slenderness greater than 1.5 buckle elastically,
where the average stress falls in the elastic part of the stress-strain curve, and as expected there is
little difference in the elevated temperature buckling strength of columns of steels A (5690QL) and B
(S700MC).
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6.4 Strength parameter

In the assessment of column buckling at elevated temperatures according to Eurocode 3 Part 1-2 [14],
the effective yield strength (fy,6), which is the strength corresponding to 2% strain, and the 0.2% proof
strength (fo.2p,0) are specified in the calculations for Class 1 — 3 and Class 4 cross-sections, respectively.
It should be noted that the use of the stress at 2% total strain (f,¢) in the analysis reflects the large
strains (in excess of 2%) observed in standard fire tests on steel structural beams [45]. In steel
columns, failure strains in standard fire tests are typically in the order of 1%. However, since the
difference between using the strength at 1% and 2% on the overall fire resistance time is marginal,
the strength at 2.0% is specified in the analysis for all structural members including beams and
columns. The buckling behaviour of columns is controlled by material stiffness which, depending on
the non-linearity of the stress-strain response, reduces significantly beyond the 0.2% proof strength.
Hence, it is believed that the 0.2% proof strength is a more appropriate parameter for predicting the
buckling resistance of columns of all cross-section classes.

Fig. 13 presents the reduction factor for flexural buckling ys for Class 1 columns derived by normalising
the column failure load from the parametric study by Afoap20ko2p0 rather than Afokye, with the
Eurocode curve also depicted. Comparing Fig. 13 (a) and (b) to Fig. 11 (a) and (b), it is evident that by
normalising the column failure loads by Afqp20ko.206 rather than Af,.okye, the data for different
temperatures approximately converge into one curve, which is more prominent for steel A (5690QL),
and avoids the requirement for temperature-dependent buckling curves. Furthermore, it is shown
that the current Eurocode approach [14] is suitable for steel B (S700MC), whereas a slightly lower
curve would be more appropriate for steel A (5690QL).
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7 Conclusions

In this paper, the stress-strain responses of two HSS grades (5690QL and S700MC) are described using
the modified Ramberg-Osgood model proposed by Gardner and Nethercot [19], which is shown to
closely simulate the stress-strain response. Following this, a numerical study investigating the flexural
behaviour of HSS columns, including a detailed description of the FE model and validation results in
ABAQUS, is presented, taking into account material properties and geometric imperfections. Once
validated, the model is used to perform parametric studies on the behaviour of S690QL and S700MC
steel columns at elevated temperature, incorporating the measured stress-strain responses. The
results from the parametric studies have been analysed and it is shown that the Eurocode generally
provides conservative results with respect to the buckling coefficients and safely predicts the buckling
resistance of S700MC, while a lower buckling curve may be needed for S690QL. Minimal difference
was observed between buckling about the major and minor axis, which was similarly reported
elsewhere [12]. Itis also shown that the shape of the stress-strain response, in particular the curvature
of the stress-strain response before reaching the 0.2% proof strength, as described by the strain
hardening exponent (n), strongly influences the stability behaviour of the steel members at low non-
dimensional slenderness values (Ag<1.0). In such scenarios, a higher strain hardening exponent results
in better buckling behaviour because the reduction of stiffness occurs at much higher strength. In
addition, it is shown in this paper that the 0.2% proof strength rather than the stress at 2% total strain
is a better parameter for deriving buckling curves in fire, as the results converge into one curve,
negating the need for temperature dependent buckling curves.
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