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Cross-section stability and design of normal strength and high
strength steel I-sections in fire

Merih Kucukler
School of Engineering, University of Warwick, Coventry, CV4 TAL, UK

Abstract

The structural response and design of normal strength and high strength steel I-sections
at elevated temperatures are investigated in this paper. The shell finite element models
of steel I-section elements capable of replicating their behaviour in fire are developed and
validated against experimental results from the literature. The validated shell finite ele-
ment models are then utilised to generate extensive structural performance data for steel
I-sections, considering a broad range of plate slenderness values for cross-section elements,
elevated temperature levels, cross-section aspect ratios as well as different loading condi-
tions and normal strength and high strength steel grades. The accuracy of the existing
methods provided in the European structural steel fire design standard EN 1993-1-2 and its
upcoming version prEN 1993-1-2 for the ultimate strength predictions of normal strength
and high strength steel cross-sections in fire is assessed. Scope for improvement is observed.
Considering this, a new method for the ultimate strength predictions of normal strength and
high strength steel sections at elevated temperatures is put forward. It is shown that the
proposed method leads to more accurate ultimate strength predictions for normal strength
and high strength steel I-sections in fire with a higher level of reliability relative to the
existing design methods provided in EN 1993-1-2 and prEN 1993-1-2.

Keywords: Buckling; Finite element modelling; Fire; Geometric imperfections; I-section;
Local buckling; Steel; S460; S690

1. Introduction

The reductions in strength and stiffness as well as considerably more nonlinear material
response of steel at elevated temperatures can lead to substantial decreases in the ultimate
strengths of steel sections in fire. In the existing structural steel design standards such as
EN 1993-1-2 [1] and AISC 360-16 [2], the reduced ultimate strengths of steel I-sections in
fire are typically determined utilising room temperature cross-section design equations in
conjunction with reduced material properties of steel at elevated temperatures. However,
this approach fails to consider the influence of the significantly more nonlinear stress-strain
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response of steel at elevated temperatures on the behaviour, which may require the use of
cross-section design equations specifically established for the accurate ultimate resistance
predictions of steel sections in fire.

Considering that it may be necessary to develop specific equations for the design of steel
sections at elevated temperatures, a number of research studies have been performed on the
behaviour and design of steel sections in fire [3-10]. The earlier study of Ranby [3] indicated
that the use of the elevated temperature 0.2% proof material strength in conjunction with
the room temperature effective width and cross-section design equations provided in the
draft version of the European room temperature design standard ENV 1993-1-1 [11] may
provide safe estimations for steel sections undergoing local buckling in fire. This approach
was adopted in the European structural steel fire design standard EN 1993-1-2 [1]. However,
Knobloch and Fontana [4] and Couto et al. [9] observed that EN 1993-1-2 [1] may lead to
inaccurate estimations of the ultimate resistances of steel sections at elevated temperatures.
Taking into account this inaccuracy, Knobloch and Fontana [4] put forward a strain based
design approach for the ultimate resistance predictions of steel sections in fire, while Couto et
al. [8, 9] proposed bespoke effective width and cross-section design equations for the ultimate
strength estimations of steel sections at elevated temperatures; the effective width and cross-
section design equations put forward in Couto et al. [8, 9] will appear in the upcoming
version of EN 1993-1-2 [1], which is currently referred to as prEN 1993-1-2 [12]. However,
none of the mentioned previous studies [3-10] took into account the behaviour of high
strength steel I-sections at elevated temperatures which can be significantly different than
that of normal strength steel I-sections owing to considerable differences in their elevated
temperature material behaviour. Moreover, the effective width and cross-section design
equations proposed in [8, 9] do not take into account the differential erosions of the strength
and stiffness of steel at elevated temperatures, which may influence the behaviour of normal
strength and high strength steel I-sections in fire.

For the purpose of extensively exploring the behaviour of normal and high strength
steel I-sections at elevated temperatures, a comprehensive research study is carried out
in this paper. Shell finite element models of normal strength and high strength steel I-
section elements are developed and validated against experimental results from the literature.
Through the Geometrically and Materially Nonlinear Analyses with Imperfections (GMNIA)
of the validated finite element models, extensive structural performance data are generated
for the behaviour of steel I-sections in fire, taking into account various plate slendernesses
for cross-sections elements, elevated temperature levels, cross-section aspect ratios as well as
different loading conditions and grade S690 and S460 high strength steels and grade S355,
S275 and S235 normal strength steels. The accuracy and reliability of the effective width and
cross-section design equations provided in the European structural steel fire design standard
EN 1993-1-2 [1] and its upcoming version prEN 1993-1-2 [12] are assessed, where scope
for improvement is observed. Taking into account this, new cross-section design equations
employing the effective width formulae developed in Kucukler [13] for normal strength and
high strength steel sections are proposed. The higher accuracy and reliability of the proposed
cross-section design equations relative to those provided in EN 1993-1-2 [1] and prEN 1993-
1-2 [12] are demonstrated for the ultimate strength predictions of normal strength and high
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strength steel I-sections at elevated temperatures. It should be noted that in this paper,
the elevated temperature behaviour and design of normal and high strength steel I-sections
under axial compression and major axis bending are taken into consideration; the behaviour
and design of steel I-sections under minor axis bending in fire will be extensively considered
in a future study adopting the plastic effective width formulae [14, 15] able to account for the
development of partial plasticity in outstand flange elements subjected to stress gradients.

2. Finite element modelling

The shell finite element models of steel I-section elements able to replicate their structural
response at elevated temperatures are developed in this section. The developed finite element
models are used to perform extensive parametric studies on the behaviour of normal strength
and high strength steel sections at elevated temperatures. In the following sections, the
results from the parametric studies will be used for (i) the assessment of the accuracy of
EN 1993-1-2 [1] and prEN 1993-1-2 [12] and (ii) the establishment of a new method for the
design of normal strength and high strength steel sections in fire.

2.1. Element type and modelling assumptions

The finite element analysis software Abaqus [16] was employed to generate the finite
element models. The four-noded reduced integration shell finite element referred to as S4R,
which has been used in similar applications [17-22], was utilised to create all the finite
element models in this study. To accurately capture the structural response of steel sections
in fire, twenty elements were used across each web and flange plate; the number of the
elements along the lengths of the modelled I-section steel elements were selected such that
the element aspect ratios within the web plates were equal to unity [15, 21]. Note that the
member length L to cross-section depth h ratios of the modelled I-section elements were
equal to 3.0 (i.e. L/h = 3.0) to consider the local buckling effects in accordance with [23].
To prevent the overlapping of the flange and web plates, the web plate was offset considering
the thickness of the flange plates. Loading was applied to the finite element models as point
forces and bending moments at the centroids of the end sections. With the aim of avoiding
concentrated plasticity and local buckling in the proximity of the load application points,
the nodes at the end sections were coupled to the nodes at the centroids of the end sections
through kinematic coupling constraints where the loading was applied. Unless otherwise
stated, isothermal analyses of the finite element modes were performed in all the considered
cases, assuming an initial uniform temperature increase to a predefined temperature value 6,
which was represented by the modification of the material response, and then applying the
loading at the designated elevated temperature level 8. To trace the full load-displacement
response of the modelled I-section elements which included the post-ultimate behaviour, the
modified Riks analysis [24, 25] was used in all the finite element simulations. The adopted
element type and modelling assumptions are illustrated in Fig. 1. The description of the
elevated temperature material models used for normal and high strength steels and the
definition of the geometric imperfections within the finite element models are described in
the following subsections.
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Figure 1: Illustration of the adopted element type and modelling assumptions

2.2. Material modelling

To mimic the behaviour of normal strength grade S355, S275 and S235 steel I-sections,
the four stage elevated temperature material model provided in EN 1993-1-2 [1] was utilised,
whereby the elevated temperature stress versus strain relationship was defined by means of
the following equations:

o=¢€by for €<e¢,y,

o= fpo—cC+ (b/a)\/a2 — (eg0 —€)? for €9 <e<eyy,
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o= fyo for e€,9<e€< ey,
o= fyoll — (e =€)/ (eup —€p)] for eg<e<eup, (1)

in which o and € are the engineering stress and strain and Ej, f, ¢ and f, ¢ are the Young’s
modulus, the proportional limit and the effective yield strength at temperature 6, respec-
tively. In eq. (1), €, is the strain at proportional limit calculated as €,9 = f,0/Ep, €40 is
the yield strain equal to 0.02 (i.e. €,9 = 0.02), €, is the limiting strain for yield strength
taken as 0.15 (i.e. ;9 = 0.15) and €, is the ultimate strain equal to 0.20 (i.e. €, = 0.20).
The auxiliary coefficients a, b and ¢ used in eq. (1) are determined as given below:

0= /(€90 = €00) (€40 — €p0 + ¢/ Ep),
b= \/C (Eyﬁ — Epﬂ) Eg + 02,

(fy,@ - fp,9)2
(Gyﬂ - €p,9) Ey—2 (fy,9 - fp,G).

Fig. 2 (a) shows that the elevated temperature effective yield strength f, ¢ and proportional

(2)
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Figure 2: Stress-strain relationship and material property reduction factors for normal strength steel at
elevated temperatures adopted in this study as given in [1]

limit f, ¢ are calculated by multiplying the elevated temperature yield strength reduction fac-
tor k, ¢ and proportional limit reduction factor £,y by the room temperature yield strength
fy (e fyo = kyofy, and fo9 = kpof,). On the other hand, the elevated temperature
Young’s modulus Fjy is calculated by multiplying the elevated temperature Young’s modu-
lus reduction factor kg g by the room temperature Young’s modulus of carbon steel E (i.e.
Ey = kgoFE). In this paper, the values of kg, k,¢ and kg provided in EN 1993-1-2 [1],
which are displayed in Fig. 2 (b), were employed for grade S355, S275 and S235 steels. Note
that kyp2¢ is the elevated temperature 0.2% proof strength reduction factor multiplied by
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the yield strength f, to determine the elevated temperature 0.2% proof strength fp020 (i.e.
fpo.2.0 = kpo2efy)-

Even though the EN 1993-1-2 [1] elevated temperature material model provides accurate
predictions of the elevated temperature stress-strain response of normal strength steels [26],
previous research [27-29] showed that it may lead to unconservative estimations of the
elevated temperature material response of high strength steels; thus, the use of the EN
1993-1-2 [1] elevated temperature material model to represent the elevated temperature
material response of high strength steel I-sections in numerical simulations may result in
overestimations of their ultimate resistances. Taking into account this, the EN 1993-1-2 [1]
elevated temperature material model was only employed to replicate the behaviour of normal
strength grade S355, S275 and S235 steel I-sections in this study. To mimic the behaviour
of high strength steel I-sections, the two-stage elevated temperature material model put
forward in Fang and Chan [30, 31] for grade S690 and S460 high strength steels, based on
the elevated temperature material model recommended in Chen and Young [32], was used.
This elevated temperature material model is defined by means of the following equations:

o "o
e =— +0.002 for o< f.29,
Ep (fpo.z,e) Jroz0

0 — fpo2,0 0 — fo20 \
Ep0.2,€ fu,o9 - fp0.2,6'

f()r fp0.2,9 S g S fu,@; (3)

where €,0.2,¢ is the total strain corresponding to f,0.2,0, ng and my are the exponents defining
the roundedness of the stress-strain curve and E, ¢ is the tangent modulus at fy2 ¢, which
is calculated by

Ey
Epop = '
p0.2,0 (14 0.002n9Ey/ fo.2p.0)

(4)

The exponents ny and my can be determined using the following expressions for grade S690
steel [31]:

0
-7
" 250’
me = 1.6 + A (5)
*T T 6007
and the following equations for grade S460 steel [30, 31]:
0
=12 - —
" 100"
30
=21+ — 6
Mo =22 600 ©)

Note that the elevated temperature model given by eq. (3) was developed in [30-32] consid-
ering the two-stage compound Ramberg-Osgood material model proposed by Mirambell and

6



Real [33] for the representation of the room temperature stress-strain behaviour of stainless
steels. In Chen and Young [32] and Fang and Chan [30, 31], it was illustrated that the ele-
vated temperature material stress-strain response of high strength steels can be accurately
represented by means of this material model with appropriate ng and my exponents for the
representation of the roundedness of the stress-strain curves.

The elevated temperature material properties (i.e. Eyg, fp0.2.0, fy0, fue and €,9) of grade
S690 and S460 steels were determined using the results from the elevated temperature ma-
terial tests performed on high strength grade S690 and S460 steels by Qiang et al. [34]
and Qiang et al. [35], respectively. The room temperature yield strength f,,, ultimate ten-
sile strength f, and strain ¢, and the Young’s modulus E for grade S690 and S460 steels
obtained from the room temperature material tests in [34, 35] were multiplied by the ma-
terial reduction factors (i.e. kgg, kpo20, kyo and k, ) established in [34, 35] to determine
their values at corresponding elevated temperature levels 6 in this study, i.e. Ey = kgoE,
Too2.0 = kpo20fys fyo = kyofys fuo = kuefu and €,9 = k, ,€,. Thus, the room tempera-
ture material properties of grade S690 steel were taken as £ = 204690 MPa, f,=789 MPa,
fu=821 MPa and €,=0.051 as determined in [34], while those of grade S460 steel were taken
as B = 202812 MPa, f,=504 MPa, f,=640 MPa and ¢,=0.115 as obtained in [35]. The
material reduction factors for grade S690 and S460 steels derived in [34, 35| and used in
this study and the Ramberg Osgood exponents are provided in Tables 1 and 2 for different
elevated temperature values. Comparison of the Young’s modulus kg and yield strength

Table 1: Material reduction factors derived by Qiang et al. [34] and Ramberg-Osgood exponents used in
this study for grade S690 steel (E = 204690 MPa, f,=789 MPa, f,=821 MPa and ¢,=0.051)

Temperature (°C)  kggo  kpo2o FKyo kuog ke, Mo My

200 0.875 0.884 0.982 0.991 0.957 6.20 1.93
300 0.839 0.879 0975 0.961 0.696 5.80 2.10
400 0.775 0.794 0.850 0.828 0.280 5.40 2.27
500 0.685 0.628 0.624 0.628 0.161 5.00 2.43
550 0.546 0.554 0.533 0.558 0.178 4.80 2.52
600 0.372 0380 0.371 0.377 0.196 4.60 2.60
700 0.141 0.100 0.133 0.130 0.333 4.20 2.77

reduction factors k, g adopted for high strength grade S690 and 5460 steels against those
adopted for normal strength grade S355, S275 and S235 steels is shown in Fig. 3. It can be
seen from the figure that the yield strength reduction factors &,y for grade S690 and 5460
steels are lower than those for normal strength steels, while the Young’s modulus reduction
is less severe for grade S690 steel but more pronounced for grade S460 steel relative to the
Young’s modulus reduction rates of normal strength grade S355, S275 and S235 steels. The
elevated temperature stress-strain behaviour of grade S690 and S460 steels derived using eq.
(3) in conjunction with the elevated temperature material properties obtained from [34, 35]
is compared against the elevated temperature stress-strain curves obtained from the material
tests of [34, 35] in Fig. 4. As can be seen from the figure, there is a good agreement between
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Table 2: Material reduction factors derived by Qiang et al. [35] and Ramberg-Osgood exponents used in
this study for grade S460 steel (E = 202812 MPa, f,=504 MPa, f,=640 MPa and ¢,=0.115)

Temperature (°C)  kgpg kpo2o kye kueg ke, ng me
200 0.881 0.812 0.994 0.969 0.758 10.00 2.70
300 0.799 0.750 1.000 1.000 0.804 9.00 3.00
400 0.669 0.681 0.949 0.880 0.517 8.00 3.30
500 0.509 0.520 0.739 0.601 0.296 7.00 3.60
550 0.374 0.496 0.559 0.443 0.217 6.50 3.75
600 0.291 0.379 0415 0.328 0.139 6.00 3.90
700 0.153 0.196 0.187 0.157 0.066 5.00 4.20
1. - 1.00 @w-A==—
00 i—-—Q\\. & H-&—Q\
6\':;0. K ’
0.80 | e, 0.80 | %\
b A
0.60 | o 0.60 *3\
< S \. @ ﬁ
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0.20 | \ 0.20 | -8
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0.00 1 1 1 J OOO L L L )
0 200 400 600 800 0 200 400 600 800
Temperature (°C) Temperature (°C)
(a) Young’s modulus reduction factor kg g (b) Yield strength reduction factor k, g

Figure 3: Comparison of the Young’s modulus reduction factors kg ¢ and yield strength reduction factors
ky.0 for grade S690, S460, S355, S275 and S235 steels adopted in this study

the elevated temperature material stress-strain curves used in the finite element simulations
and those obtained from the elevated temperature material tests of [34, 35].

2.3. Initial imperfections

To accurately capture the local instability effects in normal strength and high strength
steel I-sections at elevated temperatures, local geometric imperfections were incorporated
into the finite element models. The shapes of the local geometric imperfections were defined
using the shapes of the lowest local buckling modes obtained through the Linear Buck-
ling Analyses (LBA) of the finite element models; the magnitudes of the local geometric
imperfections e, j,. within the modelled I-sections were defined considering the geometric
imperfection values recommended in EN 1993-1-5 [36]. In accordance with [36], the low-
est local buckling modes from the LBA were scaled to 1/200 of the web height h,, when
the largest normalised displacements from the LBA were observed in the web plates (i.e.

8



700
600
500

< 400

3

T 300
200

100

900
800
700
600

& 500

2

= 400
300
200
100

Experimental results of Qiang et al. (2013)

----- Material model used in this study

Experimental results of Qiang et al. (2012)

_____ Material model used in this study

A 300°C ___oe====="""
- /:,/' 400 °C
rd
L /7
7 A e
¥ 550 °C
-1 Ve
Y 600 °C
0,7
A
o 700 °C
(4
4 ) .
0 1 2
& (%)
(a) S460
L 300 °C i
L ’,.-—--' __________
T 400 °C
1
173
113
I~ /]
W ===
- 550 °C
4
N A
W 7 600°C
_,"l /4
un/ 700 °C
y
Hf  ceseme==s====-
o
(A4 , )
0 1 2
(%)
(b) S690

9

o=P/A

Figure 4: Elevated temperature stress-strain response of S690 and S460 grade steels at different elevated
temperature levels obtained by [34, 35] and material model adopted in the finite element models

€0.10c = hyw/200), while the lowest local buckling modes were scaled to 1/50 of the half flange
width by, when the largest normalised displacements from the LBA occurred in the flange
plates (i.e. egjoc = bs/50).
In Kucukler [13], it is shown that residual stresses have insignificant influence on the local
buckling strengths of normal strength and high strength steel plates in fire; Couto et al. [8, 9]
and Quiel and Garlock [6] also made similar observations and did not include residual stresses
in their numerical studies whose results were used in the development of their effective width



and cross-section design equations. Considering their negligible influence on the ultimate
strengths of steel I-sections at elevated temperatures, residual stresses were not incorporated
into the finite element models in this paper in accordance with [6, 8, 9, 13].

2.4. Validation of finite element models

The validation of the finite element modelling approach adopted in this paper was per-
formed using (i) the results from the fire experiments carried out on grade Q235 normal
strength and grade Q460 high strength steel welded I-section stub columns by Wang et al.
[37] and (ii) those from the fire experiments performed on grade Q690 high strength steel
welded I-section stub columns in Sharhan et al. [38]. Note that 3235 is a normal strength
steel grade with a standard yield strength of 235 MPa, while Q460 and Q690 are high
strength steel grades with standard yield strengths of 460 MPa and 690 MPa, respectively.
In the finite element models created for the validation herein, the geometric and material
properties and boundary conditions of the specimens reported in [37, 38] were utilised. In ac-
cordance with [37, 38], the finite element models were analysed isothermally, where initially,
the temperature of a specimen was increased up to a designated value and then the loading
was applied up to the failure. The ECCS residual stress pattern [39] was utilised in the fi-
nite element models of the grade Q235 normal strength steel welded I-section stub columns,
while the residual stress pattern put forward in Bradford and Liu [40] for high strength steel
welded I-sections were employed in the finite element models of the grade Q460 and Q690
high strength steel welded I-section stub columns. In addition to the fire tests, the room
temperature tests carried out in [37, 38] were also used in the validation of the finite ele-
ment modelling approach adopted in this paper. Table 3 shows comparison of the ultimate
strengths of the specimens observed in the experiments of [37, 38] and those determined
through the finite element models created herein. As can be seen from the table, there is a
good correlation between the experimental and numerical ultimate resistance values. Note
that the discrepancies in the ultimate resistance predictions may result from the differences
between the geometric imperfection patterns incorporated into the finite element models as
described in Section 2.3 and those of the specimens. Some differences between temperatures
measured at different locations of the specimens and reported in the experiments of [37, 38|
may also contribute the discrepancies between the numerical and experimental results as
uniform temperature distributions were adopted in the numerical models. However, as can
be seen in Table 3, the numerical models generally provide ultimate strength values that
are in good agreement with those observed in the experiments, indicating their capability of
replicating the behaviour of steel I-section stub columns at elevated temperatures. It should
be noted that in addition to the validation presented herein, the finite element modelling
approach adopted in this paper has also been extensively validated in [15, 20, 41]. Note that
in Xing et al. [15] and Kucukler et al. [20], the finite element modelling of the behaviour
of stainless steel cross-sections and stainless steel I-section columns in fire was performed,
respectively. On the other hand, in Kucukler [41], the finite element modelling of the be-
haviour of normal and high strength steel circular hollow section columns in fire was carried
out. In this paper, different than these previous studies [15, 20, 41], the finite element mod-
elling of the structural response of normal strength and high strength steel I-sections in fire
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Table 3: Comparison of the ultimate resistances obtained through the experiments of [37, 38] and those
determined through the finite element models created in this study

Stud Cross-section Steel Critical ~ Temperature Ny test NurE Nure /
Y grade plate (°C) (kN) (kN) Ny tost
20 1247 1239 0.99
1’3166 X 2800 Q235 Web 450 830 798 0.96
x o 650 280 292 1.04
20 1375 1290 0.94
1‘25% X 2850 Q235  Flange 450 930 871 0.94
Wang et x 0 650 295 320 1.08
al. [37] 20 2269 2133 0.94
1336 > 160 460 Web 450 1450 1324 0.91
X 8 x 8
650 430 472 1.10
20 2637 2450 0.93
1’25% X 2820 Q460  Flange 450 1650 1484 0.90
xex 650 430 495 1.15
20 7549 6986 0.93
Shachon 1;45102 N 21220 Q690 Web 450 5480 4893 0.89
e 600 9245 1896 0.84
' 20 8857 8754 0.99
[38] 14005400 0600 Flange 450 6346 5831 0.92
12 x 12
xae X 600 1960 2260 1.15
Mean 0.98

COov 0.092

was performed, thereby creating extensive structural performance data on their behaviour.

2.5. Parametric studies

Scope of the parametric studies performed in this paper is summarised in Table 4. In
the table, h and b are the cross-section depth and width and ), ; and \,,, are the plate
slendernesses for the flange and web plates, respectively. Note that the plate slenderness Xp
of a cross-section element (i.e. flange or web plate) is determined by taking the square root of
the ratio of the room temperature material yield strength f, to the elastic critical buckling
stress 0., of the corresponding individual cross-section element (i.e. A, = \/f,/0e). In the
parametric studies, a total of 14250 steel I-sections with various parameters shown in Table
4 were taken into account, which enabled a comprehensive assessment of the behaviour of
normal and high strength steel I-sections at elevated temperatures.

As can be seen from Table 4, the considered normal and high strength I-sections were
subjected to pure axial compression and pure major axis bending. The high strength grades
of S690 and S460 and the normal strength grades of S355, S275 and S235 were taken into
consideration. Five elevated temperature levels were accounted for: 300 °C, 400 °C, 500 °C,
600 °C, 700 °C, while the considered cross-section depth to width ratios (h/b) of the I-sections
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Table 4: Summary of the parametric studies carried out in this paper

Loading conditions gsl;":zis Temperature  h/b Ap.w/Ap.f max [Xp, I3 Xp’w]
Ned &
0.2, 0.3,
H'y =2 .1HE.) 0.4, 0.5
h .
2.2 afll_¥a S690 300 °C 0.33, 8'2’ g‘g’
NEJ S460 400 °C 1.00, 0.67, 1' 07 1' 1’
S355 500 °C 2.00, 1.00, 1 '2’ 1 '3
My,Edm S275 600 °C 3.00 1.50, 1'4’ 1'5’
S235 700 °C 3.00 16,17,
b
ot | | 1.8, 1.9,
hy, . 2.0
a-a afll[¥a

———a

et

were equal to 1.0, 2.0 and 3.0 (i.e. A/b =1.0, 2.0 and 3.0). Note that the cross-section width
b was kept constant, which was equal to 200 mm (i.e. b = 200 mm), and the cross-section
depth h was varied to cover the aspect ratios of 1.0, 2.0 and 3.0 in the parametric studies. To
investigate the influence of the different ratios between the plate slendernesses of the flange
plates and those of the web plates on the behaviour, the web plates slenderness to flange
plate slenderness ratios A, /A, ¢ of 0.33, 0.67, 1.00, 1.50 and 3.0 (i.e. A,.,/A, s =0.33, 0.67,
1.00, 1.50 and 3.0) were taken into account, thereby enabling the consideration of both the
web-critical and flange-critical cases where the web and flange plates were more susceptible
to local buckling effects, respectively. For the purpose of covering the practical range of plate
slendernesses encountered in steel I-sections, the largest plate slenderness of a cross-section
element (i.e. the largest of the flange and web plate slenderness max [Xp,f,Xp,w]) ranged

between 0.2 and 2.0 with increment in max [Xp,f,XW} of 0.1, i.e. max [vaf, )\p,w]:O.Q—Q.O
with Amax [Xp, f,Xpﬂ,J =0.1. The results from the parametric studies will be utilised in the
following sections for (i) the assessment of EN 1993-1-2 [1] and prEN 1993-1-2 [12] in the
predictions of the ultimate resistances of normal and high strength steel I-sections in fire and
(ii) the establishment of new cross-section design rules providing accurate, safe and reliable
estimations of the cross-section resistances of normal and high strength steel I-sections at
elevated temperatures.

3. EN 1993-1-2 and prEN1993-1-2 design methods for the ultimate strength
predictions of steel I-sections in fire

This sections briefly introduces the rules provided in the European structural steel design
standard EN 1993-1-2 [1] and its upcoming version prEN 1993-1-2 [12] for the design of steel
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sections in fire. Following the brief introduction of the fire design rules of EN 1993-1-2 [1]
and prEN 1993-1-2 [12], their accuracy is assessed for the ultimate strength predictions of
normal and high strength steel I-sections at elevated temperatures.

3.1. Cross-section classification

EN 1993-1-2 [1] and prEN 1993-1-2 [12] recommend the classification of steel I-sections
at elevated temperatures by means of the same cross-section classification rules provided in
the European room temperature structural steel design standard EN 1993-1-1 [42] and its
upcoming version prEN 1993-1-1 [43] respectively, using a reduced material factor ey which
is referred to herein as the elevated temperature material factor. The elevated temperature
material factor € is determined through the room temperature material factor € as

€p = 0.85¢ = 0.85,/235/f, where f, in MPa. (7)

In EN 1993-1-1 [42] and prEN 1993-1-1 [43], steel sections are grouped into four classes, where
the cross-section class is assumed as the highest class of its constituent plates. The limit
width-to-thickness ratios used to specify the classes of the internal and outstand elements
of cross-sections are provided in Table 5.

Table 5: The limit width-to-thickness ratios for the classification of cross-section elements at room temper-
ature according to EN 1993-1-1 [42] and prEN 1993-1-1 [43]

EN 1993-1-1 prEN 1993-1-1
Cross-section element Class 1 Class 2 Class 3 Class 1 Class 2 Class 3
Internal element under 33¢ 38¢ 42¢ 98¢ 34e 38¢
compression
Internal element under
bending T2e¢ 83¢ 124¢ T2e¢ 83¢ 121e
Outstand element
9¢ 10e 14e ¢ 10e 14¢

under compression

It should be noted that 0.85 reduction factor applied to the room temperature material
factor € to determine the elevated temperature material factor €y in eq. (7) is utilised with
the aim of approximating the values of the square root of the ratios of the stiffness reduction
factors kg g to the yield strength reduction factors k, g (i.e. \/kgo/ky o) as displayed in Fig.

5, i.e. \/kpg/kyo ~ 0.85 and ¢ = (\/kE‘ﬂ/ky’g) € ~ 0.85¢. However, Fig. 5 shows that
0.85 factor may not be very accurate in approximating the values of \/kgg/k, o for high
strength steel grade of S690. It should also be emphasised that this type of cross-section
classification method adopted in EN 1993-1-2 [1] and prEN 1993-1-2 [12] does not account for
the differential erosions of strength and stiffness of steel in fire, which may have a significant
effect on the behaviour of steel members at elevated temperatures.
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Figure 5: Variation of \/kg¢/kye at different elevated temperature levels for high strength and normal
strength steels

3.2. Effective width method

According to EN 1993-1-2 [1], the effective cross-section properties of Class 4 sections
should be calculated through the room temperature effective width design equations provided
in the European steel design standard for plated structures EN 1993-1-5 [36] using the
room temperature material factor e. Thus, EN 1993-1-2 [1] recommends the use of the
effective cross-section properties of steel sections in fire the same as their effective section
properties at room temperature. Following equations are provided in EN 1993-1-5 [36] for
the determination of the plate buckling reduction factor p of internal steel elements (i.e.
webs of steel I-sections):

p=10 for X, <0.5++/0.085— 0.0551,

A, — 0. by
YR 0;25(3 9 210 for X, > 05+ /0.085 — 0.0550, (8)

P

where 1 is the ratio of the stresses at the edges of the plate. The expressions for the
determination of the plate reduction factor p for outstand elements (i.e. flanges of steel
I-sections) given in EN 1993-1-5 [36] are as follows:

p=10 for A, <0.748,

A, — 0.188
pP= "=
A

p

X, > 0.748. (9)

In eqs. (8) and (9), the non-dimensional plate slenderness )\, is determined as:

< [ fy b/t

Ay =)L = —"— 10

P O 28.4e\k, (10)
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in which o, is the elastic critical buckling stress of the steel plate, b and ¢ are the plate
width and thickness and k, is the plate buckling coefficient given in EN 1993-1-5 [36] which
is dependent on the boundary and loading conditions of the plate. Note that the effective
widths b s s of steel plates are determined by multiplying the plate widths b by plate buckling
coefficients p (i.e. by = pb) following the procedure set out in EN 1993-1-5 [36] for the
determination of the effective section properties of steel sections.

In contrast with EN 1993-1-2 [1], the upcoming version of the European structural steel
fire design standard prEN 1993-1-2 [12] does not direct the designer to the room temperature
steel design standard EN 1993-1-5 [36] but recommends the following expressions for the
determination of plate buckling reduction factors p

(N +0.9—0.26/¢)"" — 0.055(3 + ¢)
(N +0.9—0.26/¢)”

p= < 1.0, (11)

for internal elements and

~ 1.2
A+ 1.1 —0.52 —0.188
,o et /) <10, (12)
(A +1.1—-0.52/€)”

for outstand elements in which e is the material factor e = 1/235/ f,, as indicated previously.
As can be seen from eqs. (8)-(12), the effective width equations of both EN 1993-1-2 [1] and
prEN 1993-1-2 [12] do not take into consideration the differential erosions of the strength and
stiffness of steel at elevated temperatures, adopting the room temperature plate slendernesses
Xp to calculate the effective cross-section properties and ultimate resistances of steel sections
in fire.

3.3. Cross-section resistance

In both EN 1993-1-2 [1] and prEN 1993-1-2 [43], the ultimate resistance of a steel section
is determined taking into account its cross-section class as shown in Table 6 where Ny;; rq

Table 6: Cross-section resistances of Class 1, 2, 3 and 4 sections in fire according to EN 1993-1-1 [42] and
prEN 1993-1-1 [43]

Cross- Design resistance under Design resistance under
section compression Ny;; rq bending My; + ra
class
EN 1993-1-2 prEN 1993-1-2 EN 1993-1-2 prEN 1993-1-2
Class 1
ES; Aky o fy/ VM fi Aky,o fy/ V0 pi Wokyofy/vanpi  Wokyefy/varsi
Class 3 Aky g fy/ 0 i Aky o fy/ v pi Weikyofy/vargi  Wekyofy/ v i

Class 4 Acrrkpo2ofy/vansi Acgrkyofy/ v fi Werrkpo.2.0fy/vaa i Weprkyofy/ v gi

and My pq are the axial force and bending moment design resistances in fire at time ¢, A
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and Ay are the gross and effective cross-section areas, W, W, and W,;s are the plastic,
elastic and effective section moduli respectively and «y, ; is the partial factor for fire design.
Table 6 shows that both EN 1993-1-2 [1] and prEN 1993-1-2 [12] adopt the procedure set out
in the European room temperature structural steel design standards EN 1993-1-1 [42] and
prEN 1993-1-1 [43] for the determination of ultimate resistances of steel sections falling into
different cross-section classes by employing the elevated temperature material strengths (i.e.
fyo = kyofy and fpo20 = kpo2.0fy). It should however be noted that while EN 1993-1-2 [1]
uses the elevated temperature 0.2% proof strength fpo20 = kpo2.0f, for the determination
of the fire resistances of Class 4 sections, prEN 1993-1-2 [12] recommends the determination
of the ultimate resistance of Class 4 sections in fire employing the elevated temperature
material strength at 2% total strain f, ¢ = k0 f,.

3.4. Assessment of existing design rules in EN 1993-1-2 and prEN 1993-1-2 for the design
of normal and high strength steel I-sections in fire

In Fig. 6, the accuracy of EN 1993-1-2 [1] and prEN 1993-1-2 [12] for the ultimate
strength predictions of grade S355 and S235 normal strength and grade S690 and S460 high
strength steel I-sections under axial compression in fire is assessed, considering a series of
cross-section slendernesses A, cross-section aspect ratios h/b and web plate slenderness to
flange plate slenderness ratios \,., /A, . As can be seen from the figure, EN 1993-1-2 [1]
provides rather inaccurate estimations of the load carrying capacities of normal strength steel
[-sections subjected to axial compression at elevated temperatures. Note that the multiple
buckling curves and the abrupt changes in the ultimate strength predictions for EN 1993-1-2
[1] at the transitions between Class 3 and Class 4 sections stem from its recommendation of
(i) the use of the elevated temperature 0.2% proof strength f,020 for the ultimate strength
predictions of Class 4 cross-sections and (ii) the use of the elevated temperature material
strength at 2% total strain f, for Class 1, 2 and 3 sections. Fig. 6 shows that relative to
EN 1993-1-2 [1], the ultimate strength predictions of prEN 1993-1-2 [12] are more accurate
for normal strength steel I-sections in fire. Particularly, for the case of the grade S355 steel
I-sections shown in Fig. 6 where the ratio of the web plate slenderness an to the flange
plate slenderness ), ; is equal to 1.5 (i.e. A\pw/Ap s = 1.5), prEN 1993-1-2 [12] leads to
considerably more accurate results relative to EN 1993-1-2 [1] which can be attributed to (i)
the adoption of new effective width design equations developed considering the behaviour of
steel plates at elevated temperatures in lieu of using the room temperature effective width
design equations as recommended in EN 1993-1-2 [1] as well as (ii) the use of the elevated
temperature material strengths at 2% total strain f, ¢ in lieu of the elevated temperature
0.2% proof strengths f,0.2 for the ultimate strength predictions of Class 4 sections. It should
be noted that there are also abrupt changes in the ultimate strength predictions of prEN
1993-1-2 [12] at the transitions between Class 3 and Class 4 sections as can be seen from
Fig. 6; the reasons behind these discontinuities of prEN 1993-1-2 [12] ultimate resistance
predictions were discussed in detail in Kucukler [13] where it is shown that there exists an
incompatibility between the cross-section classification limits and the effective width design
equations of prEN 1993-1-2 [1], i.e. it is shown in Kucukler [13] that prEN 1993-1-2 [1]
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Figure 6: Accuracy of EN 1993-1-2 [1] and prEN 1993-1-2 [12] for the predictions of the ultimate resistances
of normal and high strength steel I-sections under compression in fire

effective width design equations provide local plate buckling reduction factors p smaller
than 1.0 (i.e. p < 1.0) for non-Class 4 plates.

Similar to the results observed for normal strength steel I-sections, EN 1993-1-2 [1] also
leads to somewhat inaccurate ultimate strength predictions for high strength steel I-sections
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at elevated temperatures as displayed in Fig. 6. It is worth noting that relative to the
cross-section resistances of normal strength steel I-sections in fire, there is a significantly
higher level of scatter in the ultimate resistances of high strength steel I-sections at elevated
temperatures as can be seen in Fig. 6. This higher level of scatter in the ultimate resistances
of high strength steel I-sections at elevated temperatures, which was also observed in [41] for
high strength steel CHS members in fire, was ascribed to (i) the variation of the roundedness
of the elevated temperature stress-strain curves of grade S690 and S460 high strength steels
at different elevated temperature levels which is represented by means of the varying ng
and my Ramberg-Osgood exponents in the definition of the material response as discussed
in Section 2.2, (ii) somewhat considerably varying ratios of the elevated temperature 0.2%
proof strengths fpo20 = kpo2efy to the ultimate strengths f,o = kuofu (i-e. fpo20/fus)
which can be closer to unity in some cases (see Fig. 4); since high-strength steel I-sections
lose their initial elevated temperature stiffness at later stages of the loading history for high
fpo.2.0/ fup ratios, the high f,0.20/ fue ratios result in higher ultimate cross-section resistances,
and (iii) the utilisation of the elevated temperature material strengths at 2% total strain
fyo = kyef, in the normalisation of the ultimate resistances even though the elevated
temperature material strengths at 2% total strain f, 9 = k,¢f, can be on the descending
branches of the elevated temperature stress-strain curves of high strength steels due to
their lower ductility as shown in Fig. 4. This highlights that, in some cases, the use of
the elevated temperature material strengths at 2% total strain f, o = kygf, may not be
appropriate for the ultimate strength predictions of high strength steel I-sections in fire.
The inappropriateness of the use of the elevated temperature material strengths at 2% total
strain f, 9 = ky ¢ f, for the ultimate resistance predictions of high strength steel I-sections in
these cases is due to the fact that the behaviour and ultimate resistances of high strength
steel I-sections in fire are primarily influenced by the parts of the elevated temperature stress-
strain curves up to the elevated temperature ultimate tensile strengths f, o = ky0f,. As can
be seen from Fig. 6 (c) and (d), there are also sudden increases in the ultimate resistance
estimations of EN 1993-1-2 [1] at the transitions from Class 3 to Class 4 sections for high
strength steel I-sections in some instances; these result from the adoption of the elevated
temperature 0.2% proof strengths fy20 = kpooef, for the ultimate strength predictions
of Class 4 sections, which are greater than the elevated temperature material strengths at
2% total strain f,9 = k,qf, at some elevated temperature levels for high strength grade
5690 and 5460 steels due to their low ductility (see Tables 1 and 2 and Fig. 4). Of course,
these sudden increases in the strength estimations at the transitions from Class 3 to Class 4
sections do not reflect the physical response accurately as can be seen in Fig. 6 (c¢) and (d)
and again highlight the inappropriateness of the use of the elevated temperature material
strengths at 2% total strains f, g = ky o f, for the fire design of high strength steel elements
in some instances. Relative to EN 1993-1-2 [1], prEN 1993-1-2 [12] leads to safer ultimate
strength predictions for high strength steel I-sections in fire as can be seen in Fig. 6 (c¢) and
(d), though the ultimate strength predictions of prEN 1993-1-2 [12] are overly conservative
for some cases, which leads to uneconomic designs.

Fig. 7 shows the accuracy of EN 1993-1-2 [1] and prEN 1993-1-2 [12] for the ultimate
strength predictions of normal and high strength steel I-sections under bending in fire. Note
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Figure 7: Accuracy of EN 1993-1-2 [1] and prEN 1993-1-2 [12] for the predictions of the ultimate resistances
of normal and high strength steel I-sections under bending in fire

that the abrupt steps for EN 1993-1-2 [1] stem from the determination of the ultimate
resistances by means of (i) the plastic section moduli for Class 1 and 2 sections, (ii) the
elastic section moduli W, for Class 3 sections and (iii) the elevated temperature 0.2% proof
strengths fp02¢ for Class 4 sections. On the other hand, the sharp changes observed for
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prEN 1993-1-2 [12] result from (i) the use of the plastic moduli for Class 1 and 2 sections,
(ii) the elastic section moduli W, for Class 3 sections in the ultimate strength estimations as
well as (iii) the incompatibility of the cross-section classification limits of prEN 1993-1-2 [12]
with its effective width design equations as discussed previously, which was also addressed
in detail in Kucukler [13]. As can be seen from Fig. 7, EN 1993-1-2 [1] leads to somewhat
inaccurate results for the ultimate strength estimations of normal and high strength steel
I-sections in bending at elevated temperatures. Relative to EN 1993-1-2 [1], prEN 1993-1-2
[12] provides more accurate results, though prEN 1993-1-2 [12] leads to overly conservative
ultimate strength predictions for high strength steel I-sections in fire.

The results presented in this subsection indicate that there is scope for improvement of
the accuracy of EN 1993-1-2 [1] and prEN 1993-1-2 [12] in the ultimate strength estimations
of normal and high strength steel I-sections in fire. There also exist some abrupt changes
in the ultimate strength predictions of EN 1993-1-2 [1] and prEN 1993-1-2 [12] which fail
to represent the physical response accurately. With the aim of achieving more accurate and
consistent predictions of the ultimate resistances of steel I-sections at elevated temperatures,
new fire design rules are proposed in this paper for normal and high strength steel sections
which are presented in the following section.

4. New design proposals for steel cross-sections in fire

In this section, new design rules based on the recommendations of Kucukler [13] on the
local buckling assessment of normal and high strength steel plates in fire are proposed for
the ultimate strength predictions of normal and high strength steel I-sections at elevated
temperatures. The assessment of the proposed design rules against benchmark results from
the GMNIA and EN 1993-1-2 [1] and prEN 1993-1-2 [12] are presented in the following
section, considering the broad range of parameters set out in Section 4.

4.1. Cross-section classification

In accordance with Kucukler [13], this paper proposes to replace the traditional four
cross-section classes used for room temperature structural steel design with two cross-section
classes which are referred to as ‘non-slender’ and ‘slender’ in the determination of the ulti-
mate resistances of steel sections in fire. According to this approach, a cross-section is classi-
fied through taking into account the classes of its each constituent cross-section element (i.e.
each flange and web plate of an I-section). A class of a cross-section element is determined by
comparing its elevated temperature plate slenderness Xpﬂ against the plateau plate slender-
nesses \yg0 given by eq. (14) for internal elements and the plateau plate slendernesses A, g,
given by eq. (16) for outstand elements. If the plate slenderness ), of a cross-section ele-
ment is less than or equal to the threshold slenderness A, g0 (i.e. Ayp < Ay0), it is classified
as ‘non-slender’; on the other hand, if the plate slenderness Xpﬂ of a cross-section element
is greater than the threshold slenderness Xpﬂ’() (i.e. Xpﬂ > Xp,gvo), it is classified as ‘slender’.
For a cross-section to be classified as ‘non-slender’, all of its constituent cross-section ele-
ments should be classified as ‘non-slender’. If one or more than constituent element of a
cross-section is classified as ‘slender’, the cross-section is classified as ‘slender’. Note that

20



this type of a cross-section classification approach is also recommended in Xing et al. [15, 22]
for the fire design of stainless steel sections, which will be adopted in the upcoming version
of the European structural steel fire design standard prEN 1993-1-2 [1].

4.2. Effective width method

For the purpose of taking into consideration the differential erosions of the strength and
stiffness of steel on the behaviour of steel sections, it is proposed to adopt the elevated
temperature plate slenderness Xpyg in the proposed effective width equations which were
developed and extensively validated in Kucukler [13] for the ultimate strength predictions
of normal and high strength steel plates in fire.

The following equations are proposed for the determination of the local buckling reduc-
tion factor p of both normal and high strength steel internal elements:

p=10 for Xp,g < Xp,e,o,
~0.9-10.38¢ B 0.015(3 + v)

P = —0.85 —17 for XPG > X1079,0 (13)
)‘pﬁ >‘p,9
with
0.9 — 0.38¢)2 e
Npoo = <0.45 —0.19¢ + \/% —0.015(3 + ¢)) : (14)

in which 1 is the ratio between the stresses at the edges of the plate as described in EN
1993-1-5 [36] and € is the material factor equal to e = 1/235/f,,.

The plate buckling reduction factors p for outstand elements are calculated as follows:

p=1.0 for Xp,g < Xp,@,()u
~09-0.3e 0.05 —

= — for Mg > A 15
p Xg;g X;Z po p,0,0 (15)
with
- (0.9 — 0.3¢)? T
Apo.0 = <0.45 —0.15¢ + \/T — 0.05) ) (16)

In eq. (13) and eq. (15), A9, is the threshold plate slenderness and A, 4 is the elevated
temperature plate slenderness calculated as:

— | k¥
)\p,G = &p ﬁ with & = Lﬁa (17)
Ocr kE,G

where f, is the room temperature yield strength and o, is the elastic critical buckling stress
calculated using the following equation:

mE £\ 2

cr — kcr— 7 ) 1

7 12(1 — 12) <b) (18)
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in which k£, is the plate buckling coefficient determined considering the boundary conditions
and stress distribution of the plate as described in EN 1993-1-5 [36], v is the Poisson’s ratio
and b and t are the plate width and thickness, respectively.

In the determination of the elevated temperature plate slenderness Xpﬂ given by eq. (17),
k, o is utilised, which is referred to as the modified elevated temperature yield strength
reduction factor herein. The modified elevated temperature yield strength reduction factor
k, ¢ is determined as follows:

kz,g =kyo if keu,geu,a > 0.02, (19)
;,49 = kuve% if keu’geu,e < 0.02. (20)
)

The adoption of the modified elevated temperature yield strength reduction factor £} , in the
effective width design equations and in the estimations of the ultimate resistances of steel
sections as introduced in the following section obviates the use of the elevated temperature
material strength at 2% total strain f,y = k, in the cases where the total strains at the
attainment of the elevated temperature ultimate strengths €,9 = ke, ,€, are less than 2%
(i.e. €49 < 0.02), which was observed for grade S690 and S460 high strengths steels at some
elevated temperature levels as illustrated in Fig. 4. This approach avoids the use of the
elevated temperature material strengths at 2% total strains f, 9 = k¢ f, when they are on
the descending branches of the elevated temperature stress-strain curves, enabling the use
of the elevated temperature ultimate strengths f, 9 = k,¢f, in these cases. In Kucukler
[13, 41], this proposed approach was adopted for the ultimate strength predictions of high
strength steel circular hollow sections (CHS) and high strength steel plates in fire, where
it was shown that the proposed approach leads to accurate resistance predictions for such
structural elements at elevated temperatures.

It is worth emphasising that the local buckling assessment equations provided in egs.
(13)-(20) were derived in Kucukler [13] on the basis of a large number of numerical results
on the local buckling behaviour of individual normal strength and high strength steel plates
in fire. In this study, these equations were adopted for the determination of the ultimate
strengths of normal and high strength steel I-sections in fire which undergo local buckling.
The accuracy of these equations is assessed for the ultimate strength predictions of normal
and high strength steel I-sections undergoing local buckling at elevated temperatures. The
peak loads from the finite element analyses of normal and high strength steel I-section in
fire obtained from the parametric studies set out in Section 2.5 were used in the assessment
of the accuracy of the local buckling assessment equations provided in egs. (13)-(20).

4.8. Cross-section resistance

Table 7 shows the determination of the elevated temperature ultimate resistances of
normal and high strength steel sections falling into the non-slender and slender classes
according the design approach proposed in this paper. For cross-sections falling into the
non-slender class, it is proposed to use the full cross-section areas A and the plastic section
moduli W, in the determination of ultimate resistances, while the use of the effective cross-
section areas A.s; and the effective section moduli W, is recommended for the ultimate
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Table 7: Cross-section resistances of non-slender and slender sections according to the proposed design
method

Cross-section Design resistance Design resistance
class under compression under bending
Non-slender Nyitra = Aky ofy/vaa i Myigra = Wyiky o fy/ v, pi
Slender Nyit.ra = Aeffk;;ﬂfy/'YM,fi Myt ra = Weffk;ﬂfy/’YM,f’i

strength predictions of slender cross-sections. Note that the use of egs. (13) and (15) is
recommended for the determination of the effective cross-section areas A,y and the effective
section moduli W,y in accordance with the procedure provided in EN 1993-1-5 [36]. Similar
to proposals made in this study, [9, 22] also recommended the adoption of two cross-section
classes in the determination of the ultimate load carrying capacities of steel sections in fire.

As described in the previous subsections, the proposed cross-section classification ap-
proach and effective width design equations given by eqs. (13) and (15) adopt the elevated
temperature plate slenderness ), ¢ in contrast with EN 1993-1-2 [1] and prEN 1993-1-2 [12]
for the design of steel sections in fire. The use of the elevated temperature plate slenderness
Apo in the fire design of steel sections enables the consideration of the differential erosions
of the strengths k; , and stiffnesses kg g at different elevated temperature levels on the be-
haviour, thereby leading to accurate estimations of the ultimate resistances of steel I-sections
in fire which will be illustrated in the following sections. However, if the consideration of the
differential erosions of the strengths k;,e and stiffnesses kg ¢ at different elevated temperature
levels is deemed to lead to an increased complexity in the fire design of steel sections by a
designer, the proposed cross-section classification rules and effective width design equations
can be made independent of the elevated temperature levels by employing the maximum

values of & = max (1 [k 6 / kE,g) given by the expressions below to determine the elevated

temperature plate slendernesses \, ¢ as given by eq. (17):

£0,const = Max <1 /kh/kgg) ~ 1.0 for S690 steel,

€p.const = MAX (, [k, //@E,g) ~1.2 for $460, S355, S275, $235 stecl. (21)

5. Comparison of the accuracy and reliability of the proposed design rules
against those of EN 1993-1-2 and prEN 1993-1-2

In this section, the accuracy and reliability of the proposed cross-section design rules are
assessed against that of EN 1993-1-2 [1] and prEN 1993-1-2 [12] for the ultimate strength
predictions of normal and high strength steel I-sections.

5.1. Accuracy assessment

In Figs. 8 and 9, the accuracy of the proposed design rules for the ultimate strength pre-
dictions of normal and high strength steel I-sections in compression and major axis bending
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Figure 8: Accuracy of the proposed design rules for the predictions of the ultimate resistances of normal
and high strength steel I-sections under compression in fire

in fire is shown, respectively. In the figures, Xcsﬂ is the elevated temperature cross-section
slenderness determined through the multiplication of the room temperature cross-section
slenderness A.; by the square root of the ratio of the modified yield strength reduction fac-

Aesi /kzﬁ/k‘ﬂg). Note

that the elevated temperature cross-section slendernesses )\6879 are utilised in the illustration
of the accuracy of the proposed design rules in Fig. 8 since the proposed cross-section fire

A /k;ﬁ/k‘Eﬁ in the
determination of the plate buckling reduction factors p employed to determine the effective
24
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Figure 9: Accuracy of EN 1993-1-2 [1] and prEN 1993-1-2 [12] for the predictions of the ultimate resistances
of normal and high strength steel I-sections under bending in fire

cross-section properties (i.e. Aepp, Weyyr) of cross-sections undergoing local buckling in fire.
As can be seen from Figs. 8 and 9, relative to both EN 1993-1-2 [1] and prEN 1993-1-2 [12],
the proposed design rules bring about markedly improved accuracy in the ultimate resistance
predictions of normal and high strength steel I-sections under compression and major axis
bending at elevated temperatures. The markedly increased accuracy of the proposed design
rules can be ascribed to the consideration of the differential erosions of the strength and stiff-
nesses of steel I-sections in fire on the response by means of the elevated temperature plate

slendernesses Xp’g = Xp, /k; o/kEe used in the determination of the effective cross-section
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properties (i.e. Acrr, Wesg) for cross-sections undergoing local buckling in fire. Moreover,
in addition to this, the proposed cross-section design rules in this paper adopt the modified
elevated temperature yield strength reduction factor £ that (i) accounts for the cases where
the elevated temperature material strengths at 2% total strains f, 9 = kyof, are on the
descending branches of the elevated temperature stress-strain curves of high strength steels
and (ii) enables the use of the elevated temperature ultimate material strengths f, g = ku.0 fu
instead, as described in Section 5.2. Figs. 8 and 9 show that the adoption of the modified
elevated temperature yield strength reduction factor k; to determine the elevated tempera-
ture material strengths f, 9 = k; , f, lead to significantly improved accuracy for the ultimate
strength predictions of grade S690 and S460 steel I-sections in fire relative to EN 1993-1-2
[1] and prEN 1993-1-2 [12] whose accuracy is illustrated in Figs. 6 and 7.

A comparison of the accuracy of the proposed design rules against the accuracy of EN
1993-1-2 [1] and prEN 1993-1-2 [12] is shown in Table 8 and Fig. 10, taking into account

Table 8: Assessment of the accuracy of the proposed design rules and those provided in EN 1993-1-2 [1]
and prEN 1993-1-2 [12] for the ultimate strength predictions of high strength and normal strength steel
I-sections in fire

Design method Steel grade N Cawv  Cocov  Cmaz Cmin
S690 2850 1.10 0.093 1.50 0.90

5460 2850 1.13 0.099 1.55 0.90

Proposal S355 2850 1.11 0.086 1.53 0.94
S275 2850 1.14 0.105 1.62 0.94

S235 2850 1.16 0.097 1.68 0.95

S690 2850 1.14 0.128 1.72 0.91

Simplified S460 2850 1.15 0.111 1.70 0.90
proposal with S355 2850 1.11 0.091 1.54 0.92
constant &y S275 2850 1.14 0.116 1.66 0.94

5235 2850 1.16 0.104 1.71 0.95

5690 2850 1.19 0.141 181 0.83

5460 2850 1.17 0.146 2.34 0.69

prEN 1993-1-2 [12] S355 2850 1.12 0.129 1.61 0.76
5275 2850 1.13 0.148 184 0.73

5235 2850 1.12 0.140 1.64 0.71

5690 2850 1.11 0.112 1.72 0.90

5460 2850 1.11 0.146 1.78 0.75

EN 1993-1-2 [1] S355 2850 1.19 0.187 2.10 0.68
5275 2850 1.16 0.197 2.06 0.64

5235 2850 1.13 0.187 2.05 0.61

the broad range of parameters provided in Table 4. In Table 8 and Fig. 10, ( is the ratio of
the ultimate load carrying capacity of a steel section obtained from the GMNIA Rgynra
to that determined through a design method R,.cihoa (i-e. ¢ = Roynia/Rmethoa) and (o,
Ccov, Gnaz and Gin are the average, coefficient of variation, maximum and minimum of ¢
values, respectively. Note that a ¢ value less than 1.0 (i.e. ¢ < 1.0) indicates that a method
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Figure 10: Accuracy of the proposed design rules for the predictions of the ultimate resistances of normal
and high strength steel I-sections under compression in fire



is unsafe and the ultimate resistances obtained from a design method R,,cih0q are denoted
by Rprops REn1993—1—2 and Ry, gni1993—1—2 for the proposed design rules, EN 1993-1-2 [1] and
prEN 1993-1-2 [12], respectively. Table 8 and Fig. 10 show that the proposed design rules in
this paper lead to more accurate ultimate cross-section strength predictions relative to both
EN 1993-1-2 [1] and prEN 1993-1-2 [12] for grade S355, 5275 and S235 normal strength and
grade S690 and S460 high strength steel I-sections in fire, considering the very broad range
of parameters summarised in Table 4.

As indicated in Section 5.3, the proposed cross-section design rules in this paper can
be applied using constant (y const factors given by eq. (21) which makes the proposed cross-
section classification rules and effective width design equations independent of the elevated
temperature levels, thereby simplifying the proposed design procedure if it is deemed prefer-
able by a designer. The accuracy of the simplified version of the proposed cross-section
design rules applied with the adoption of the constant (g const factors given by eq. (21) is also
compared against the accuracy of EN 1993-1-2 [1] and prEN 1993-1-2 [12] in Table 8 and
Fig. 10 for the ultimate resistance predictions of normal and high strength steel I-sections
at elevated temperatures. As can be seen from Table 8 and Fig. 10, the proposed design
rules also lead to more accurate ultimate strength predictions for normal and high strength
steel I-sections in fire relative to EN 1993-1-2 [1] and prEN 1993-1-2 [12] when they are
applied using constant (y .onst factors given by eq. (21), so verifying the appropriateness of
the simplified version of the proposed cross-section fire design rules for normal and high
strength steel I-sections if they are found preferable by a designer.

5.2. Reliability assessment

In this subsection, the reliability of the proposed design rules in this paper and that of
EN 1993-1-2 [1] and prEN 1993-1-2 [12] are assessed for the cross-section design of normal
and high strength steel I-sections at elevated temperatures, adopting the three reliability cri-
teria proposed by Kruppa [44] for the fire design methods of structural steel elements. The
Criterion 1 of Kruppa [44] states that none of the ultimate resistance estimations obtained
from a design method R,,cihoq should exceed those determined through the GMNIA of the
finite element models Rgarnra by more than 15%, i.e. (Rpethoda — Ravnia)/Ravnia < 15%.
According to the Criterion 2 of [44], less than 20% of the design predictions should be
on the unsafe side, i.e. i.e. num(Ryethoda > Ramnia)/num(Ropetnod) < 20%. The Cri-
terion 3 of [44] requires that the design estimations have to be safe-sided on average, i.e.
X [(Rmethod — Rannia)/Rannial < 0%. Table 9 shows the reliability of the proposed cross-
section design rules, their simplified version when they are applied with constant (g const given
by eq. (21), prEN 1993-1-2 [12] and EN 1993-1-2 [1]. Note that in the table, the percentage
of the cases where the resistances determined by a design method exceed those determined
through the GMNIA by more than 15% are shown under Criterion 1, the percentage of
the cases where the resistances are overestimated are displayed under Criterion 2 and the
average percentage differences between the design predictions and the GMNIA results are
shown under Criterion 3 where the negative values signify that the design predictions are
safe-sided on average. In Table 9, the violated criteria are marked with “*’. As can be seen
from Table 9, the proposed design rules satisfy all the three reliability criteria of Kruppa [44]
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Table 9: Assessment of the reliability of the proposed design rules and those provided in EN 1993-1-2 [1]
and prEN 1993-1-2 [12] for the ultimate strength predictions of high strength and normal strength steel
I-sections in fire on the basis of the reliability criteria set out by Kruppa [44]. Note that a number denoted
by * violates the corresponding criterion

Design method Steel grade Criterion 1  Criterion 2 Criterion 3

S690 0.00 18.69 -8.48

5460 0.00 10.50 -11.50

Proposal S355 0.00 11.06 -9.28
S275 0.00 8.28 -11.44

5235 0.00 6.12 -12.72

S690 0.00 16.53 -10.97

Simplified 5460 0.00 9.79 -12.20
proposal with S355 0.00 13.48 -9.09
constant & S275 0.00 10.03 -11.16
5235 0.00 6.97 -12.59

S690 0.21* 10.26 -14.35

5460 0.50* 15.11 -12.70

prEN 1993-1-2 [12] S355 1.64* 23.61% -9.11
S275 2.87* 22.42* -9.62

S235 4.21* 23.67* -9.07

S690 0.00 14.71 -9.14

5460 1.35* 25.07* -8.37

EN 1993-1-2 [1] S355 2.32* 23.89* -13.24
S275 3.61* 28.22* -10.87

5235 5.06* 32.52* -8.76

for grade S355, S275 and S235 normal strength and grade S690 and S460 high strength steel
[-sections subjected to pure compression and pure major axis bending in fire, considering
the broad range of parameters corresponding to 14250 cross-sections which are summarised
in Table 4. On the other hand both EN 1993-1-2 [1] and pr EN 1993-1-2 [12] violate the
Criterion 1 and Criterion 2 of Kruppa [44] for a high number of cases, highlighting that the
cross-section fire design rules proposed in this paper lead to more reliable ultimate resistance
predictions for normal and high strength steel I-sections in fire. Table 9 also illustrate that
the simplified version of the proposed cross-section design rules applied with the constant
Co.const also satisfy all the three reliability criteria of [44] for all the considered cases, so indi-
cating that the simplified version of the proposed design rules also lead to reliable capacity
predictions if they are preferred by a designer for the design of normal and high strength
steel I-sections in fire.

6. Conclusions

In this study, the behaviour and design of grade S690 and S460 high strength steel and
grade S355, S275 and S235 normal strength steel I-sections at elevated temperatures were in-
vestigated. Finite element models of high strength steel and normal strength steel I-sections
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able to replicate their structural response in fire were created and validated against experi-
mental data from fire tests on steel I-sections in the literature. Through the validated finite
element models of normal and high strength steel I-sections, extensive numerical studies
were performed, taking into account different cross-section aspect ratios, elevated tempera-
ture levels, S690 and S460 high strength grades and S355, S275 and S235 normal strength
steel grades and various plate slendernesses for constituent cross-section elements (i.e. web
and flange plates). The structural performance data obtained from the nonlinear shell finite
element modelling were used to assess the accuracy of EN 1993-1-2 [1], prEN 1993-1-2 [12]
and proposed cross-section fire design rules for normal and high strength steel I-sections at
elevated temperatures. In the following, the key findings and primary contributions of this
study are set out:

e This study found that the European structural steel fire design standard EN 1993-1-
2 [1] and its upcoming version prEN 1993-1-2 [12] can provide somewhat inaccurate
ultimate strength predictions for normal and high strength steel I-sections in fire.

e With the aim of accurately estimating the ultimate resistances of normal and high
strength steel I-sections at elevated temperatures, new cross-section design rules for
normal and high strength steel I-sections in fire based on the proposals of Kucukler
[13] for the design of individual steel plates at elevated temperatures are put forward.

e The cross-section design rules proposed for normal and high strength steel I-sections in
fire adopt the von Karman effective width concept [45, 46] and cross-section classifica-
tion approach; thus, they are compatible with the EN 1993-1-2 [1] and prEN 1993-1-2
[12] cross-section design rules.

e Through the use of the elevated temperature plate slenderness A\, g = Apr/ky0/kE 0, the
proposed cross-section fire design rules for normal and high strength steel I-sections are
able to account for the differential erosions of the strength and stiffness of steel sections
at elevated temperatures, which was shown to considerably influence the response in
this paper. The EN 1993-1-2 [1] and prEN 1993-1-2 [12] cross-section design rules, on
the other hand, do not consider this important effect, adopting the room temperature

plate slenderness A,,.

e It was demonstrated that relative to EN 1993-1-2 [1] and prEN 1993-1-2 [12], the
proposed cross-section fire design rules in this paper are able to provide more accurate
ultimate resistance predictions of grade S690 and S460 high strength and grade S355,
5275 and S235 normal strength steel I-sections in fire.

e The proposed cross-section design rules satisfy all the reliability criteria of Kruppa [44]
adopted for the reliability assessment of the fire design methods developed for steel
structures. On the other hand, EN 1993-1-2 [1] and prEN 1993-1-2 [12] violate the
reliability criteria of Kruppa [44]. This finding shows that the proposed cross-section
fire design rules in this paper lead to more reliable ultimate strength estimations of
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normal and high strength steel I-sections in fire relative to EN 1993-1-2 [1] and prEN
1993-1-2 [12].
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