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Local stability of normal and high strength steel plates at elevated

temperatures

Merih Kucukler

School of Engineering, University of Warwick, Coventry, CV4 7AL, UK

Abstract

This paper presents an investigation into the local buckling behaviour and design of
normal and high strength steel plates at elevated temperatures. The considered high strength
steel grades include grades S690 and S460 as well as the normal strength grades S355, S275
and S235 taken into consideration. Shell finite element models of normal and high strength
steel plates are created to mimic their local buckling response in fire, whose accuracy is
validated against experimental results from the literature. Extensive numerical parametric
studies are then carried out by means of the validated finite element models, taking into
account different plate slendernesses, elevated temperature levels, edge boundary conditions
and steel grades. The accuracy of the design provisions provided in the current European
structural steel fire design standard EN 1993-1-2 and its upcoming version prEN 1993-1-2
for the consideration of the local buckling behaviour of normal and high strength steel plates
in fire is investigated. It is observed that the existing design rules given in both EN 1993-1-2
and prEN 1993-1-2 lead to rather scattered estimations of the local buckling strengths of
high strength steel plates at elevated temperatures. New cross-section classification rules and
effective width design equations for the ultimate strength predictions of normal and high
strength steel plates in fire are developed. High accuracy and reliability of the proposed
design rules are demonstrated.

Keywords: Cross-section classification, Effective width method, FE modelling, Fire,
Geometric imperfections, High strength steel, Local buckling, S460, S690

1. Introduction

Categorised as steels whose yield strengths are larger than 460 MPa according to EN
1993-1-12 [1] and 450 MPa according to AS 4100 [2], high strength steels offer unique ad-
vantages to the construction industry such as reduced material consumptions and lighter
self-weights for structural steel members, thereby enabling reduced carbon footprints for
steel structures as well as lower transportation and construction costs. Enhanced yield
strengths of high strength steels typically result in slender cross-sections for high strength
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steel members, making them prone to local buckling effects which preclude the attainment
of their full cross-section resistances. The local buckling behaviour of high strength steel
members at room temperature has attracted significant research interest in recent years [3–
10]. However, the previous research into the local buckling response of high strength steel
elements at elevated temperatures, which is expected to be considerably different than their
room temperature local buckling behaviour, is very limited [11–13].

To investigate the local buckling response of structural steel elements at elevated tem-
peratures, a number of research studies have been performed in the literature. Yang et
al. [14, 15], Hirashima and Uesugi [16], Dharma and Tan [17], Pauli et al. [18, 19], Wang
et al. [20] and Prachar et al. [21] performed a series of experiments on the local buckling
behaviour of steel members subjected to axial compression or bending in fire. In addition to
these experimental investigations [14–21], numerical research studies into the local buckling
response of steel elements in fire have also been carried out [11–13, 22–27], where the ac-
curacy of the existing structural steel fire design standards [28, 29] was assessed. Amongst
these studies [11–13, 22–27], Quiel and Garlock [22] and Couto et al. [25] put forward new
effective width formulations for the determination of the effective section properties and
local buckling strengths of steel members in fire. In the latter study [25], the limitations
of the use of room temperature effective width equations for the determination of the local
buckling strengths of steel sections in fire as recommended in EN 1993-1-2 [28] are high-
lighted. The effective width method put forward in Couto et al. [25] will appear in the
upcoming version of EN 1993-1-2 [28] with modifications [26], which is currently referred to
as prEN 1993-1-2 [30]. Even though there exist experimental and numerical research into
the local buckling response of steel elements at elevated temperatures in the literature, in the
aforementioned studies [12, 13, 22–27], neither the local buckling behaviour of high strength
steel plates in fire was comprehensively investigated, nor has a new effective width method
capable of furnishing accurate estimations of the ultimate resistances of high strength steel
plates at elevated temperatures been established. It is also worth noting that in view of the
somewhat limited research carried out on the topic, the local buckling behaviour of normal
strength steel plates at elevated temperatures also warrants a careful examination, with
the assessment of the existing design provisions given in structural steel design standards
[28, 30].

For the purpose of exploring the local buckling behaviour of normal and high strength
steel plates in fire, a comprehensive numerical research study is carried out in this paper.
The high strength steel grades of S690 and S460 and the normal strength steel grades of
S355, S275 and S235 are taken into consideration. Shell finite element models of steel plates
able to replicate their response at elevated temperatures are created, whose accuracy is
validated against experimental results from the literature. Carrying out the Geometrically
and Materially Nonlinear Analyses with Imperfections (GMNIA) of the validated shell finite
element models, extensive numerical parametric studies are then performed, taking into
account different elevated temperature levels, plate slendernesses, edge boundary conditions
and steel grades. A new cross-section classification approach and effective width method
for the determination of the ultimate strengths of steel plates at elevated temperatures is
proposed, whose accuracy and safety are verified against the results from nonlinear shell
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finite element modelling. It is also shown that the proposed effective width method leads
to improved accuracy relative to the effective width methods provided in EN 1993-1-2 [28]
and prEN 1993-1-2 [30] for the predictions of the ultimate resistances of high strength steel
plates in fire. Finally, the reliability analyses of the proposed design rules and the local
buckling assessment provisions provided in EN 1993-1-2 [28] and prEN 1993-1-2 [30] are
carried out, verifying the higher level of reliability of the proposed design approach relative
to the provisions of EN 1993-1-2 [28] and prEN1993-1-2 [30] for the local buckling assessment
of normal and high strength steel plates at elevated temperatures.

2. Finite element modelling

In this section, shell finite element models of normal and high strength steel plates
able to replicate their local buckling response at elevated temperatures are created and
validated against experimental results from the literature. Through the validated finite
element models, extensive numerical parametric studies are then carried out, whose results
will be used in the following sections for (i) the investigation of the accuracy of the existing
design methods and (ii) the development of a new effective width design approach for the
local buckling assessment of normal and high strength steel plates in fire.

2.1. Element type and modelling assumptions
Finite element models of steel plates were created by means of the finite element analysis

software Abaqus [31] in this paper. In accordance with Xing et al. [32], two types of steel
plates were taken into consideration: (i) a 1600 mm × 400 mm plate whose both longitudinal
edges are simply-supported, replicating the behaviour of the internal elements within steel
cross-sections and (ii) a 4000 mm × 400 mm plate whose one longitudinal edge is simply-
supported and other longitudinal edge is free, which mimics the response of outstand flanges
of open steel cross-sections. Note that while the dimensions of the internal plate elements
used in this paper were in accordance with those adopted in Couto et al. [25], an aspect ratio
of ten was utilised for outstand flange elements in line with [32] to achieve elastic critical
buckling stresses that are closer to those determined through analytical solutions [33–35],
considering that the elastic buckling stresses of outstand plate elements are sensitive to
length effects and reduce with increasing aspect ratios. A four-node reduced integration shell
element, which is designated as S4R in the Abaqus [31] element library and takes account
of membrane strains and transverse shear deformations, was utilised in all finite element
simulations. This element type has previously been adopted to mimic the behaviour of
structural steel elements in similar applications [36–41]. In the shell finite element models,
the element size of 20 mm × 20 mm, corresponding to 20 elements along the 400 mm
plate width, was used on the basis of a mesh sensitivity study. Unless otherwise indicated,
in all the considered cases, isothermal analyses of the finite element models were carried
out, assuming an initial uniform temperature increase to a predefined temperature value θ,
which was represented by the modification of the material response, and then applying the
loading at the designated elevated temperature level θ. For the purpose of tracing the full
load-displacement response of the plates including the post-ultimate behaviour, the modified
Riks analysis [42, 43] was utilised in all simulations.
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2.2. Material modelling

With the aim of replicating the elevated temperature response of normal strength grade
S355, S275 and S235 steel plates, the four-stage elevated temperature material model pro-
vided in EN 1993-1-2 [28] for carbon steel was employed, where the elevated temperature
stress versus strain relationship was defined by means of the following equations:

σ = εEθ for ε ≤ εp,θ,

σ = fp,θ − c+ (b/a)
√
a2 − (εy,θ − ε)2 for εp,θ ≤ ε ≤ εy,θ,

σ = fy,θ for εy,θ ≤ ε ≤ εt,θ,

σ = fy,θ [1− (ε− εt,θ) / (εu,θ − εt,θ)] for εt,θ ≤ ε ≤ εu,θ, (1)

in which σ and ε are the engineering stress and strain and Eθ, fp,θ and fy,θ are the Young’s
modulus, the proportional limit and the effective yield strength at temperature θ, respec-
tively. In eq. (1), εp,θ is the strain at proportional limit calculated as εp,θ = fp,θ/Eθ, εy,θ is
the yield strain equal to 0.02 (i.e. εy,θ = 0.02), εt,θ is the limiting strain for yield strength
taken as 0.15 (i.e. εt,θ = 0.15) and εu,θ is the ultimate strain equal to 0.20 (i.e. εu,θ = 0.20).
The auxiliary coefficients a, b and c used in eq. (1) are determined as given below:

a =
√

(εy,θ − εp,θ) (εy,θ − εp,θ + c/Eθ),

b =
√
c (εy,θ − εp,θ)Eθ + c2,

c =
(fy,θ − fp,θ)2

(εy,θ − εp,θ)Eθ − 2 (fy,θ − fp,θ)
. (2)

Fig. 1 (a) shows that the elevated temperature effective yield strength fy,θ and proportional
limit fp,θ are calculated by multiplying the elevated temperature yield strength reduction fac-
tor ky,θ and proportional limit reduction factor kp,θ by the room temperature yield strength
fy (i.e. fy,θ = ky,θfy and fp,θ = kp,θfy). On the other hand, the elevated temperature
Young’s modulus Eθ is calculated by multiplying the elevated temperature Young’s modu-
lus reduction factor kE,θ by the room temperature Young’s modulus of carbon steel E (i.e.
Eθ = kE,θE). In this paper, the values of ky,θ, kp,θ and kE,θ provided in EN 1993-1-2 [28],
which are displayed in Fig. 1 (b), were employed for grade S355, S275 and S235 steels. Note
that kp0.2,θ is the elevated temperature 0.2% proof strength reduction factor multiplied by
the yield strength fy to determine the elevated temperature 0.2% proof strength fp0.2,θ (i.e.
fp0.2,θ = kp0.2,θfy).

The EN 1993-1-2 [28] elevated temperature material model given by eq. (1) was originally
developed by Rubert and Schaumann [44] on the basis of the findings of a series of anisother-
mal tests carried out on normal strength steel beams, resulting in an accurate representation
of the elevated temperature material response of normal strength steels. However, previous
research studies [45–47] demonstrated that the EN 1993-1-2 [28] elevated temperature ma-
terial model leads to unconservative estimations of the elevated temperature stress-strain
response of high strength steels; thus, its use to define the elevated temperature material

4



behaviour of high strength steels may lead to unconservative predictions of the resistances of
high strength steel elements at elevated temperatures. Thus, the EN 1993-1-2 [28] elevated
temperature material model was only used for normal strength grade S355, S275 and S235
steel plates in this paper. In the case of high strength grade S690 and S460 steel plates,
the two-stage elevated temperature material model proposed in Fang and Chan [12, 13] for
high strength grade S690 and S460 steels, based on the elevated temperature material model
for high strength steels recommended by Chen and Young [11], was adopted. This material
model is defined through the following equations:

ε =
σ

Eθ
+ 0.002

(
σ

fp0.2,θ

)nθ
for σ ≤ fp0.2,θ,

ε =
σ − fp0.2,θ
Ep0.2,θ

+ εu,θ

(
σ − fp0.2,θ
fu,θ − fp0.2,θ

)mθ
+ εp0.2,θ

for fp0.2,θ ≤ σ ≤ fu,θ, (3)

where εp0.2,θ is the total strain corresponding to fp0.2,θ, nθ and mθ are the exponents defining
the roundedness of the stress-strain curve and Ep0.2,θ is the tangent modulus at fp0.2,θ, which
is calculated by

Ep0.2,θ =
Eθ

(1 + 0.002nθEθ/f0.2p,θ)
. (4)

The exponents nθ and mθ can be determined using the following expressions for grade S690
steel [13]:

nθ = 7− θ

250
,

mθ = 1.6 +
θ

600
, (5)

and the following equations for grade S460 steel [12, 13]:

nθ = 12− θ

100
,

mθ = 2.1 +
3θ

600
. (6)

It is worth noting that in [11–13], the elevated temperature material model given by eq.
(3) was developed taking into account the two-stage compound Ramberg-Osgood material
model proposed by Mirambell and Real [48] for the representation of the stress-strain re-
sponse of stainless steels at room temperature; Fang and Chan [12, 13] and Chen and Young
[11] demonstrated that this material model furnishes accurate predictions of the stress-strain
response of high strength steels at elevated temperatures with appropriate nθ and mθ expo-
nents used to define the roundedness of the stress-strain curves.

In the finite element models of high strength steel plates created in this study, the
elevated temperature material properties (i.e. Eθ, fp0.2,θ, fy,θ, fu,θ and εu,θ) of grade S690

5



and S460 steels determined through the elevated temperature material tests performed on
high strength grade S690 and S460 steels by Qiang et al. [49] and Qiang et al. [50] were
utilised. The room temperature yield strength fy, ultimate tensile strength fu and strain εu
and the Young’s modulus E for grade S690 and S460 steels determined through the room
temperature material tests in [49, 50] were multiplied by the material reduction factors (i.e.
kE,θ, kp0.2,θ, ky,θ and ku,θ) derived in [49, 50] to determine their values at corresponding
elevated temperature levels θ in this paper, i.e. Eθ = kE,θE, fp0.2,θ = kp0.2,θfy, fy,θ = ky,θfy,
fu,θ = ku,θfu and εu,θ = kεu,θεu. Therefore, the room temperature material properties of
grade S690 steel were taken as E = 204690 MPa, fy=789 MPa, σu=821 MPa and εu=0.051
as obtained in [49], while those of grade S460 steel were taken as E = 202812 MPa, fy=504
MPa, σu=640 MPa and εu=0.115 as determined in [50]. Table 1 and Table 2 display the
corresponding material reduction factors for S690 and S460 steels provided in [49, 50] adopted
in this study as well as the Ramberg-Osgood parameters nθ and mθ determined through eq.
(5) and eq. (6) for different elevated temperature levels. Note that the elevated temperature
0.2% proof strength reduction factors kp0.2,θ for grade S460 steel and the reduction factors
for strains corresponding to the elevated temperature ultimate strengths kεu,θ presented in
Table 1 and Table 2 were obtained from the corresponding experimental stress-strain curves
provided in [49–51]. In Fig. 2, the Young’s modulus kE,θ and yield strength reduction
factors ky,θ used for high strength grade S690 and S460 steels against those adopted for
normal strength grade S355, S275 and S235 steels are shown, indicating that while the
yield strength reduction ky,θ for grade S690 and S460 steels is both less severe than that
for normal strength steels, the Young’s modulus reduction is less severe for grade S690 steel
but more pronounced for grade S460 steel relative to that for normal strength steels. Fig.
3 illustrates comparison of the elevated temperature stress-strain response of grade S690
and S460 steels obtained using eq. (3) and the elevated temperature material properties
from [49, 50] against the elevated temperature stress-strain curves determined through the
material tests by [49, 50]. As can be seen from the figures, the stress-strain curves adopted
in the finite element models are in close agreement with those obtained from the material
tests by [49, 50].

2.3. Boundary conditions

Fig. 4 shows the adopted boundary conditions within the finite element models of in-
ternal elements and outstand flanges. As can be seen from the figure, to replicate simply-
supported boundary conditions, only the vertical translations U3 of the longitudinal edges
were restrained (i.e. U3 = 0). In the case of the loaded edges of the plates, the vertical
translations U3 were also restrained as well as the horizontal translations U2 at the mid-
width nodes (i.e. U2 = 0), thereby establishing simply-supported conditions for the loaded
edges. Additionally, the translation of the mid-width node of the one of the loaded edges
was also restrained in the longitudinal direction (i.e. U1 = 0). For the purpose of avoid-
ing localised yielding, the loaded edges were constrained to the mid-width nodes where the
loads were applied as point forces or moments. The appropriateness of the boundary and
loading conditions was carefully verified by comparing the elastic critical buckling stresses
obtained through the Linear Bucking Analyses (LBA) of the finite element models against
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those obtained from the formulae provided in [33–35]. There was a very good agreement
between the elastic critical stresses obtained through the finite element models and those
determined analytically, thus verifying that the adopted boundary and loading conditions
in the numerical simulations were appropriate.

2.4. Initial imperfections

The presence of local geometric imperfections can lead to considerable reductions in the
ultimate strengths of steel plates in fire. In the finite element models, the local imperfections
were modelled by adopting the lowest local buckling modes obtained through the Linear
Buckling Analyses (LBA) of steel plates as shown in Fig. 5. These local buckling mode
shapes were scaled to 1/200 of the plate widths b (i.e. e0 = b/200) for internal plate
elements, while they were scaled to 1/50 of the plate widths b for outstand flanges (i.e.
e0 = b/50) in line with the recommendations given in EN 1993-1-5 [52].

2.5. Validation of finite element models

The finite element modelling approach adopted in this study is validated against the
results obtained from the isothermal fire experiments carried out on a series of stub columns
by Pauli et al. [18] and Wang et al. [20]. In the experiments of Pauli et al. [18], grade S355
steel square hollow section (SHS) stub columns were used, while grade S235 normal strength
and grade S460 high strength steel welded I-section stub columns were tested in Wang et al.
[20]. Cross-section properties of the specimens reported in [18, 20] were used in the finite
element models. Local imperfections were applied to the models as described in Section
2.4. The elevated temperature material properties of the specimens were defined using the
elevated temperature material models and reduction factors provided in Section 2.2 for grade
S235 and S355 normal strength and grade S460 high strength steels, considering the room
temperature material properties of the specimens provided in [18, 20]. In the validation
study carried out herein, (i) the finite element model of a critical plate (internal element or
outstand flange) of a stub column with the lowest elastic critical buckling stress (relative to
those of all the constituent plates) was created and (ii) the numerical failure load of the stub
column Nu,FE was determined by considering the failure load of the critical plate Nu,FE,plate

and the corresponding cross-section area of the critical plate Aplate and stub column Astub
(i.e. Nu,FE = (Nu,FE,plate/Aplate)Astub), i.e. it was assumed that the ultimate load carrying
capacity of the stub column section is achieved with the failure of the most critical plate.
Note that this approach was adopted in the validation of the finite element models of steel
plates since there are no fire tests performed on individual steel plates in the literature.

In Table 3, the failure loads of grade S235 normal strength and grade S460 high strength
steel I-section stub columns obtained from the fire experiments of Wang et al. [20] and the
finite element models created herein are compared. Note that the welded I-sections of the
specimens of [20] are denoted as I-h × b × tw × tf in the table, where h and b are the cross-
section depth and width and tw and tf are the web and flange thicknesses, respectively. The
failure loads of the specimens determined in the experiments and through the developed
finite element models at room temperature are also included in the table for comparison.
As indicated in Table 3, Wang et al. [20] specified the cross-section dimensions of the stub
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columns such that either the outstand flanges or internal elements were the critical plates.
Table 3 shows that the finite element models provide failure loads that are generally in a good
agreement with those observed in the experiments of normal strength and high strength steel
stub columns for both internal element and outstand flange critical cases. The differences in
the experimental and numerical failure loads were ascribed to differences in the shapes and
magnitudes of the geometric imperfections of the specimens and those adopted in the finite
element models and the difficulties in controlling the fire tests for the specimens heated by
more than 600 ◦C. The failure loads of the grade S355 normal strength steel square hollow
section (SHS) stub columns with cross-section width of 160 mm and thickness of 5 mm
(i.e. SHS 160 × 160 × 5) obtained from the experiments performed in Pauli et al. [18] are
compared against those determined through the finite element models created in this study
in Table 4. As can be seen from Table 4, there is generally a good correlation between the
experimental and numerical failure loads. Since the finite element models created in this
study provide very accurate predictions of the elastic critical buckling stresses of steel plates
and they are also able to provide accurate estimations of the ultimate strengths of normal
strength and high strength steel stub columns in fire, it was assumed that they are able to
replicate the behaviour of steel plates at elevated temperatures accurately.

2.6. Parametric studies

Summary of the numerical parametric studies carried out in this paper is provided in
Table 5. As can be seen from the table, the loading and boundary conditions correspond-
ing to internal elements under compression, internal elements under bending and outstand
flanges under compression were taken into consideration. For each considered plate type
and loading condition, the high strength steel grades of S690, S460 as well as the normal
strength steel grades of S355, S275 and S235 were considered. Five elevated temperature
levels equal to 300 ◦C, 400 ◦C, 500 ◦C, 600 ◦C and 700 ◦C were accounted for. To explore
a broad spectrum of plate buckling response at elevated temperatures, nineteen plate slen-
dernesses λp equal to the square root of the ratio of the room temperature yield stress fy to
the elastic critical plate buckling stress σcr (i.e. λp =

√
fy/σcr) ranging between 0.2 and 2.0

with increment in λp of 0.1 were taken into account (i.e. λp = [0.2, 2.0] with ∆λp = 0.1). In
total, 1425 plates were taken into consideration in the parametric studies.

In the following sections, the structural performance data obtained from the parametric
studies will be used to assess the accuracy of the methods provided in EN 1993-1-2 [28] and
prEN 1993-1-2 [30] and in the development of a new effective width method for the local
buckling strength predictions of normal strength and high strength steel plates in fire. Prior
to this, it is worthwhile investigating the influence of residual stresses on the local buckling
strengths of steel plates. Fig. 6 shows the influence of residual stresses on the ultimate
resistances of high strength and normal strength steel internal elements and outstand flanges
at elevated temperatures, where RGMNIA,no,res and RGMNIA,res are the ultimate resistances
obtained considering and neglecting residual stresses, respectively. In Fig. 6, the elevated
temperature values of 300 ◦C, 400 ◦C, 500 ◦C, 600 ◦C and 700 ◦C and plate slenderness values
λp ranging between 0.2 and 2.0 with increment in λp of 0.1 were taken into consideration for
each high strength and normal strength steel grade. Note that the residual stress pattern
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recommended by Bradford et al. [53] for welded high strength steel sections was incorporated
into the finite element models of grade S690 and S460 high strength steel plates. For the
case of steel plates with residual stresses whose results are presented in Fig. 6, the numerical
models were analysed isothermally by adopting the following steps: (i) application of the
residual stresses to the numerical models at room temperature, (ii) application of a uniform
temperature increase to the models incrementally from room temperature to a predefined
temperature value θ which results in the development of thermal strains in the models as
well as the modification of their material response and finally, (iii) application of the loading
to the numerical models at the designated elevated temperature level θ. As can be seen from
Fig. 6, the influence of residual stresses on the ultimate resistances of both high strength
and normal strength steel plates is rather low at elevated temperatures. On the basis of this
observation, residual stresses were not incorporated into the finite element models of steel
plates in this study, which was in accordance with Quiel and Garlock [22] and Couto et al.
[25] where the residual stresses were also not included in the numerical models considering
their low influence on the ultimate resistances of steel plates in fire.

3. EN 1993-1-2 and prEN 1993-1-2 design approaches for the local buckling as-
sessment of normal and high strength steel elements at elevated temperatures

In this section, the cross-section classification approach and effective width design rules
provided in EN 1993-1-2 [28] and its upcoming version prEN 1993-1-2 [30] are briefly set
out. Afterwards, the accuracy of EN 1993-1-2 [28] and prEN 1993-1-2 [30] is investigated
for the determination of ultimate resistances of normal and high strength steel plates in fire.

3.1. Cross-section classification

Both EN 1993-1-2 [28] and prEN 1993-1-2 [30] recommend the use of the cross-section
classification rules provided in the room temperature European structural steel design stan-
dard EN 1993-1-1 [54] and its upcoming version prEN 1993-1-1 [55] respectively in conjunc-
tion with a reduced value for material factor εθ, which is determined as

εθ = 0.85ε = 0.85
√

235/fy where fy in MPa, (7)

where ε is the room temperature material factor. In EN 1993-1-1 [54] and prEN 1993-1-1
[55], steel sections are categorised into four classes, where the cross-section class is assumed
as the highest class of its constituent plates. The limit width-to-thickness ratios provided
in Table 6 are utilised to specify the classes of the internal and outstand elements of cross-
sections. Note that 0.85 reduction factor, applied to the room temperature material factor ε
for the determination of the elevated temperature material factor εθ, is used to approximate
the values of the square root of the ratios of the stiffness reduction factors kE,θ to the yield
strength reduction factors ky,θ (i.e.

√
kE,θ/ky,θ) as shown in Fig. 7, i.e.

√
kE,θ/ky,θ ≈ 0.85 and

εθ =
(√

kE,θ/ky,θ

)
ε ≈ 0.85ε. However, as can be seen from the figure, 0.85 factor somewhat

underestimates the values of
√
kE,θ/ky,θ for high strength steel grade of S690. Moreover,
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this type of cross-section classification approach also neglects the differential erosions of
the strengths and stiffnesses at different elevated temperature levels shown in Fig. 7, which
considerably influence the local buckling response of steel elements in fire.

3.2. Effective width method

Thin-walled steel plates subjected to in-plane compressive stresses are able to exhibit
significant post-ultimate strengths, where their ultimate load carrying capacities can go well
beyond their elastic critical buckling loads with the development of non-uniform stresses
across the plate widths. As shown in Fig. 8, the effective width method adopted in EN
1993-1-2 [28] and prEN 1993-1-2 [30] accounts for the post-ultimate strengths of steel plates,
representing the non-uniform stress distributions by means of uniform stress blocks with
effective widths of beff . In the effective width method, the effective widths of the uniform
stress blocks are determined as

beff = ρb, (8)

in which ρ is the plate buckling reduction factor. EN 1993-1-2 [28] recommends the use of
the effective width formulations provided in the room temperature structural steel design
standard EN 1993-1-5 [28] for the determination of the plate buckling reduction factor.
The plate buckling reduction factor ρ is determined for internal elements according to EN
1993-1-5 [52] as:

ρ = 1.0 for λp ≤ 0.5 +
√

0.085− 0.055ψ,

ρ =
λp − 0.055(3 + ψ)

λ
2

p

≤ 1.0 for λp > 0.5 +
√

0.085− 0.055ψ, (9)

where ψ is the ratio of the stresses at the edges of the plate. On the other hand, ρ is
determined for outstand flanges as follows:

ρ = 1.0 for λp ≤ 0.748,

ρ =
λp − 0.188

λ
2

p

≤ 1.0 λp > 0.748. (10)

In eq. (9) and eq. (10), λp is the non-dimensional plate slenderness equal to:

λp =

√
fy
σcr

=
b/t

28.4ε
√
kσ

(11)

in which σcr is the elastic critical buckling stress of the plate, kσ is the buckling coefficient
calculated on the basis the stress distribution and edge boundary conditions and t is the
plate thickness.

Different than EN 1993-1-2 [28], the upcoming version of the European structural steel
fire design standard prEN 1993-1-2 [30] does not direct the designer to another standard but
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provides equations for the determination of plate buckling reduction factors ρ. According to
prEN 1993-1-2 [30], the buckling reduction factor ρ is determined for internal elements as:

ρ =

(
λp + 0.9− 0.26/ε

)1.5 − 0.055(3 + ψ)(
λp + 0.9− 0.26/ε

)3 ≤ 1.0, (12)

and for outstand flanges as:

ρ =

(
λp + 1.1− 0.52/ε

)1.2 − 0.188(
λp + 1.1− 0.52/ε

)2.4 ≤ 1.0, (13)

where ε is the material factor equal to ε =
√

235/fy as previously introduced. As can
be understood from the design formulae provided in this subsection, the effective width
equations provided in both EN 1993-1-2 [28] and prEN 1993-1-2 [55] do not account for the
differential erosions of strengths and stiffnesses of steel plates during buckling at elevated
temperatures, whose influence can be significant for the response, and simply use the room
temperature plate slendernesses λp for the determination of the ultimate resistances of steel
plates in fire.

3.3. Cross-section resistance

EN 1993-1-2 [28] and prEN 1993-1-2 [55] recommend the determination of the cross-
section resistances considering the cross-section class as shown in Table 7, in which Nfi,t,Rd

and Mfi,t,Rd are the axial force and bending moment design resistances in fire at time t, A
and Aeff are the gross and effective cross-section areas, Wpl, Wel and Weff are the plastic,
elastic and effective section moduli respectively and γM,fi is the partial factor for fire design.
As can be seen from Table 7, both EN 1993-1-2 [28] and prEN 1993-1-2 [55] adopt the
approach provided in the room temperature design standards EN 1993-1-1 [54] and prEN
1993-1-1 [55] for the determination of the cross-section resistances of sections falling into
particular classes, using the elevated temperature material strengths (i.e. fy,θ = ky,θfy and
fp0.2,θ = kp0.2.θfy). However, while EN 1993-1-2 [28] recommends the use of the elevated
temperature 0.2% proof strength fp0.2,θ = kp0.2.θfy for Class 4 sections, prEN 1993-1-2 [30]
recommends the cross-section resistances of Class 4 sections to be determined using the
elevated temperature strength at 2% total strain fy,θ = ky,θfy.

3.4. Assessment of the accuracy of EN 1993-1-2 and prEN 1993-1-2 design approaches for
the local buckling assessment of normal and high strength steel plates in fire

In this subsection, the accuracy of EN 1993-1-2 [28] and prEN 1993-1-2 [30] is assessed
for the determination of the resistances of normal and high strength steel plates at elevated
temperatures. Fig. 9 shows the accuracy of EN 1993-1-2 [28] in the predictions of the
ultimate strengths of grade S690 and S460 high strength and grade S355 and S235 normal
strength steel internal elements subjected to compression in fire. As can be seen from the
figure, the existing effective width equations given in EN 1993-1-2 [28], which neglect the
differential erosions of the strengths and stiffnesses at elevated temperatures, lead to rather
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unconservative and inaccurate ultimate strength predictions for internal steel elements under
compression. Owing to the adoption of the elevated temperature strengths at 2% total strain
fy,θ = ky,θfy for Class 1, 2 and 3 sections and 0.2% proof strengths fp0.2,θ = kp0.2,θfy for Class
4 sections, there are also abrupt changes in the ultimate strength predictions determined
through EN 1993-1-2 [28] at the transitions between Class 3 and Class 4 sections according
to the cross-section classification limits given in Table 6 with the elevated temperature
material factor εθ. Note that even though EN 1993-1-2 [28] adopts a single plate buckling
curve, the ordinates of the ultimate strength predictions determined using EN 1993-1-2 [28]
shown in Fig. 9 for Class 4 plates vary at different elevated temperatures levels due to (i)
the determination of the resistances of Class 4 sections using the elevated temperature 0.2%
proof strengths fp0.2,θ = kp0.2,θfy and (ii) different ratios between the elevated temperature
0.2% proof strengths fp0.2,θ = kp0.2,θfy and the elevated temperature strengths at 2% total
strains fy,θ = ky,θfy (i.e. fp0.2,θ/fy,θ = kp0.2,θ/ky,θ) at different elevated temperature levels. It
is also noteworthy that since, in some cases, the elevated temperature 0.2% proof strengths
fp0.2θ of grade S690 and S460 high strength steels are greater that their elevated temperature
strengths at 2% total strains fy,θ (i.e. fp0.2θ > fy,θ), which is due to the latter being in the
descending branches of the stress-strain curves (see Fig. 3, Table 1 and Table 2), there exist
increases in the ultimate resistance predictions determined according to EN 1993-1-2 [28] for
grade S690 and S460 high strength steel internal elements at the transitions between Class
3 and Class 4 plates. This, of course, does not at all represent the physical reality of the
actual behaviour of these high strength steel plates at elevated temperatures.

In Fig. 9, the accuracy of the revised effective width design equations provided in the
upcoming version of the European structural steel fire design standard prEN 1993-1-2 [28]
is also assessed. As can be seen from the figure, prEN 1993-1-2 [28] leads to an improved
level of accuracy relative to EN 1993-1-2 [28] in the determination of the ultimate resistances
of grade S355 and S235 normal strength steel plates at elevated temperatures, where there
are no variations in the ordinates of the ultimate resistance predictions at different elevated
temperature levels owing to the adoption of the elevated temperature strengths at 2% total
strain fy,θ = ky,θfy for all Class 1, 2, 3 and 4 sections. However, for the case of high
strength steel plates, prEN 1993-1-2 [28] effective width equations, which were originally
developed for normal strength steel elements, lead to significant underestimations of the
ultimate resistances, thus leading to uneconomic designs. Moreover, similar to EN 1993-1-2
[28], prEN 1993-1-2 [30] also leads to significant overpredictions of the ultimate strengths of
moderately slender plates with plate slendernesses varying between 0.2 and 0.6 (i.e. 0.2 <
λp < 0.6). This was attributed to the adoption of the room temperature cross-section
classification limits given in prEN 1993-1-1 [55], which are shown in Table 6, with the
elevated temperature material factors εθ = 0.85ε = 0.85

√
235/fy by prEN 1993-1-2 [30].

Note that even though εθ = 0.85ε leads to a conservative estimation of εθ =
√
kE,θ/ky,θε

(see Fig. 7), the use of εθ = 0.85ε with the room temperature cross-section classification
rules provided in prEN1993-1-2 [55] does not take into account significantly more nonlinear
stress-strain response of steels at elevated temperatures relative to that at room temperature,
which leads to earlier loss of stiffness due to earlier plastification and thus lower ultimate
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strengths. The effective width design formulae given in prEN 1993-1-2 [30] provide plate
buckling coefficients ρ lower than 1.0 (i.e. ρ < 1.0) for non-Class 4 plates according to the
cross-section classification approach provided prEN 1993-1-2 [30]; this highlights that there
exists an incompatibility between the effective width design equations and cross-section
classification approach given in prEN 1993-1-2 [30], resulting in unconservative strength
estimations for non-Class 4 plates. This is also the reason behind the discontinuities in
the ultimate strength predictions of prEN 1993-1-2 [28] at the transitions between Class
3 and Class 4 plates as shown in Fig. 9 since the plate buckling coefficients ρ are already
considerably smaller than unity (i.e. ρ < 1.0) for the corresponding slendernesses λp at the
transitions of the plates from Class 3 to Class 4 category.

It is worth noting that as can be seen in Fig. 9, the ultimate resistances of grade S690 and
S460 high strength steel plates exhibit a higher level of scatter at different temperature levels
relative to those of grade S355 and S235 normal strength steel plates. This was ascribed
to (i) the variation of the roundedness of the elevated temperature stress-strain curves of
high strength steels at different elevated temperature levels adopting varying nθ and mθ

exponents and (ii) the use of the elevated temperature strength at 2% total strain fy,θ in the
normalisation of the resistances of high strength steel plates, despite the ultimate strains
εu,θ corresponding to the elevated temperature ultimate material strengths fu,θ = ku,θfu
being lower than 2% (i.e. εu,θ < 0.02) for grade S690 and S460 steels as shown in Fig. 3
in some instances. Considering that, in some cases, the elevated temperature strengths at
2% total strains fy,θ are located within the descending branches of the elevated temperature
stress-strain curves (see Fig. 3) due to the lower ductility of high strength steels, it could
be argued that the use of the elevated temperature strengths at 2% strengths fy,θ = ky,θfy
may not be suitable in the determination of the ultimate resistances of grade S690 and S460
high strength steel plates in these cases.

The accuracy of EN 1993-1-2 [28] and prEN 1993-1-2 [30] is also assessed in Fig. 10 for
high strength and normal strength internal elements under bending, considering the high
strength grades of S690 and S460 and the normal strength grades of S355 and S235. Note
that owing to the determination of ultimate resistances of Class 1 and 2 sections using
plastic section modulus Wpl and the calculation of ultimate resistances of Class 3 sections
using elastic section modulus Wel, there exist two plateaus in the plate buckling curves of EN
1993-1-2 [28] and prEN 1993-1-2 [30] for Class 1 and 2 and Class 3 plates. As can be seen in
Fig. 10, similar to the predictions for internal elements under compression, EN 1993-1-2 [28]
also leads to unconservative estimations of the elevated temperature ultimate resistances
of internal elements under bending. However, the overestimations are lower in this loading
case. Fig. 10 also shows that the new design equations given in prEN 1993-1-2 [30] lead to
an improved level of safety relative to EN 1993-1-2 [28]. However, again, the new effective
width equations provided in prEN 1993-1-2 [30] result in considerable underestimations
of the ultimate strengths of grade S690 and S460 high strength steel internal elements
under bending. Moreover, there still exist significant overestimations for the Class 2 and
3 plates by prEN 1993-1-2 [30] due to the adoption of the room temperature cross-section
classification limits provided in prEN 1993-1-1 [55] with the elevated temperature material
factors εθ = 0.85ε even though the plate buckling reduction factors ρ determined through
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the effective width equations of [55] are lower than 1.0 for these cases (i.e. ρ < 1.0), so again
highlighting the incompatibility between the cross-section classification limits and effective
width equations provided in prEN 1993-1-2 [55].

Finally, the accuracy of EN 1993-1-2 [28] and prEN 1993-1-2 [30] is assessed for grade
S690 and S460 high strength and grade S355 and S275 normal strength steel outstand flanges
under compression in Fig. 11. As can be seen in the figure, EN 1993-1-2 [28] leads to rather
inaccurate estimations of the ultimate resistances of high strength and normal strength steel
outstand plates under compression at elevated temperatures. Relative to EN 1993-1-2 [28],
prEN 1993-1-2 [30] provides strength predictions with higher accuracy, though they are
still overly-conservative for high strength steel plates, indicating that new effective width
design equations leading to accurate ultimate resistance estimations of both high strength
and normal strength steel outstand flanges under compression is necessary. Note that the
lower accuracy of the local buckling assessment provisions provided in EN 1993-1-2 [28]
and prEN1993-1-1 [55] for high strength steels is also associated with the use of different
elevated temperature stress-strain response for high strength steels relative to that used
for normal strength steels in this study, which are shown to provide a considerably more
accurate representation of the elevated temperature material response of high strength steels
in comparison to the EN 1993-1-2 [28] elevated temperature material model [12, 13].

4. New cross-section classification approach and effective width design method
for normal strength and high strength steel elements in fire

With the aim of achieving accurate and safe estimations of the ultimate strengths of
both high strength and normal strength steel elements at elevated temperatures, new cross-
section classification rules and effective width equations are put forward in this section. In
the following section, the accuracy of the proposed design rules for the predictions of the
ultimate resistances of grade S690 and S460 high strength steel and grade S355, S275 and
S235 normal strength steel plates are investigated.

4.1. New cross-section classification approach

In line with the cross-section classification approach put forward in Couto et al. [25] and
Xing et al. [32], in this study, it is proposed to replace the traditional four cross-section
classses used in the room temperature design with two classes referred to as ‘non-slender’
and ‘slender’ for the determination of the ultimate strengths of high strength and normal
strength steel cross-sections in fire. In this cross-section classification approach, a cross-
section is classified as ‘non-slender’ only if all of its constituent plates are classified as ‘non-
slender’, while if one or more constituent plates of a section is classified as ‘slender’, the
section is classified as ‘slender’. Individual constituent plates of a cross-section is classified
by comparing their elevated temperature plate slendernesses λp,θ against the plateau plate
slendernesses given by eq. (15) and eq. (17). If the elevated temperature slenderness of a
constituent plate λp,θ is less than or equal to the plateau slenderness λp,θ,0 (i.e. λp,θ ≤ λp,θ,0),
the plate is classified as ‘non-slender’. On the other hand, if the plate slenderness λp,θ is
larger than the plateau slenderness (i.e. λp,θ > λp,θ,0), the plate is classified as ‘slender’. In
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the classification of the internal elements and outstand flanges, the corresponding plateau
slendernesses provided in eq. (15) for internal elements and eq. (17) for outstand flanges are
taken into consideration.

4.2. New effective width method for normal and high strength steel plates in fire

To account for differential erosions of strengths and stiffnesses of steel plates on their
local buckling response at elevated temperatures, in the new effective width equations, the
elevated temperature plate slendernesses λp,θ were used, adopting the format of the effective
width equations provided in EN 1993-1-5 [28].

For internal elements, the following equations are proposed for the determination of the
local buckling reduction factor ρ of both high strength and normal strength plates:

ρ = 1.0 for λp,θ ≤ λp,θ,0,

ρ =
0.9− 0.38ε

λ
0.85

p,θ

− 0.015(3 + ψ)

λ
1.7

p,θ

for λpθ > λp,θ,0 (14)

with

λp,θ,0 =

(
0.45− 0.19ε+

√
(0.9− 0.38ε)2

4
− 0.015(3 + ψ)

)1.18

, (15)

where ψ is the ratio between the stresses at the edges of the plate as described in EN 1993-1-5
[52] and ε is the material factor equal to ε =

√
235/fy.

For outstand flanges, the proposed plate buckling reduction factors ρ are calculated as
follows:

ρ = 1.0 for λp,θ ≤ λp,θ,0,

ρ =
0.9− 0.3ε

λ
0.6

p,θ

− 0.05

λ
1.2

p,θ

for λpθ > λp,θ,0 (16)

with

λp,θ,0 =

(
0.45− 0.15ε+

√
(0.9− 0.3ε)2

4
− 0.05

)1.67

. (17)

In eq. (14) and eq. (16), λp,θ,0 is the threshold plate slenderness and λp,θ is the elevated
temperature plate slenderness determined as:

λp,θ = ξθ

√
fy
σcr

with ξθ =

√
k∗y,θ
kE,θ

, (18)

in which fy is the room temperature yield strength and σcr is the elastic critical buckling
stress calculated using the following equation:

σcr = kσ
π2E

12(1− ν2)

(
t

b

)2

, (19)
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where kσ is the plate buckling coefficient determined considering the boundary conditions
and stress distribution of the plate as described in EN 1993-1-5 [52], ν is the Poisson’s ratio
and b and t are the plate width and thickness, respectively.

In eq. (18), k∗y,θ is the modified elevated temperature yield strength reduction factor
calculated as follows:

k∗y,θ = ky,θ if kεu,θεu,θ ≥ 0.02, (20)

k∗y,θ = ku,θ
fu
fy

if kεu,θεu,θ < 0.02. (21)

The use of the modified elevated temperature yield strength reduction factors k∗y,θ in the
effective width design equations and in the determination of the cross-section resistances as
described in the following subsection precludes the use of the elevated temperature material
strengths at 2% total strains (i.e. fy,θ = ky,θfy) when the strains corresponding to the
elevated temperature ultimate strengths εu,θ = kεu,θεu are smaller than 2% (i.e. εu,θ < 0.02),
which is observed for high strength steels at some elevated temperature levels owing to their
low ductility (see Fig. 3). This avoids the use of the material strengths within the descending
branches of the elevated temperature stress-strain curves and enables the use of the elevated
temperature ultimate strengths fu,θ = ku,θfu in the estimations of the ultimate resistances of
high strength steel plates in fire in these cases. In Kucukler [37], this approach was utilised
in the determination of the ultimate strengths of high strength steel circular hollow section
(CHS) members under compression in fire, which was shown to enable accurate estimations
of their ultimate resistances.

4.3. Cross-section resistance

In Table 8, the estimations of the cross-section resistances of cross-sections falling into
the non-slender and slender classses according to the proposed cross-section classification
approach is illustrated. For the case of cross-sections falling into the non-slender class, the
utilisation of the full cross-section areas A and the plastic section moduli Wpl is proposed.
On the other hand, for the case of cross-sections falling into the slender class, the use of the
effective cross-section areas Aeff and the effective section moduli Weff is recommended in
the determination of the cross-section resistances. Following the procedure provided in EN
1993-1-5 [52], the effective cross-section areas Aeff and the effective section moduli Weff

are calculated using eq. (14) and eq. (16). It should be noted that similar to the proposals
made herein, [25, 32] also proposed the use of two section classes with the full and effective
cross-section properties for the determination of the ultimate resistances of steel sections at
elevated temperatures.

Different than the approaches provided in EN 1993-1-2 [28] and prEN 1993-1-2 [30], the
proposed cross-section classification method and effective width formulae given by eq. (14)
and eq. (16) employ the elevated temperature plate slendernesses λp,θ. This enables the con-
sideration of the influence of the differential erosions of the strengths k∗y,θ and stiffnesses kE,θ
at different elevated temperature levels on the response, thereby leading to more accurate
estimations of the ultimate resistances of steel plates in fire as shown in the next section.
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However, if this is deemed to result in an increased complexity by a designer, the dependency
of cross-section classes and the effective width equations on elevated temperature levels can

be conservatively eliminated by using the constant values of ξθ =
√
k∗y,θ/kE,θ provided in

the expressions below in the determination of the elevated temperature plate slendernesses
λp,θ as given by eq. (18):

ξθ,const = max
(√

k∗y,θ/kE,θ

)
≈ 1.0 for S690 steel,

ξθ,const = max
(√

k∗y,θ/kE,θ

)
≈ 1.2 for S460, S355, S275, S235 steel, (22)

which were determined considering the maximum values of ξθ =
√
k∗y,θ/kE,θ within the

elevated temperature range taken into account for the fire design of steel structures in
practice.

5. Comparison of the new effective width method against EN 1993-1-2 and prEN
1993-1-2

In this section, the proposed effective width method is compared against the effective
width methods provided in EN 1993-1-2 [28] and prEN 1993-1-2 [30] in terms of its accuracy
and reliability for normal and high strength steel plates in fire. A wide range of parameters
described Section 2.6 are taken into consideration, considering different plate slendernesses,
loading conditions, elevated temperature levels and edge boundary conditions.

5.1. Assessment of the accuracy of the new effective width equations

Fig. 12, Fig. 13 and Fig. 14 show the accuracy of the proposed effective width method
for the determination of the ultimate resistances of internal elements and outstand flanges
under compression and internal elements in bending, considering grade S690 and S460 high
strength steels and grade S355 and S235 normal strength steels as well as different plate
slendernesses and elevated temperature levels. As can be seen from the figures, owing to the
consideration of the differential erosions of the strengths and stiffnesses at different elevated
temperature levels on the response by means of the elevated temperature plate slendernesses
λp,θ, the proposed design rules lead to more accurate predictions of the ultimate strengths
of high strength and normal strength steel plates in fire relative to EN 1993-1-2 [28] and
prEN 1993-1-2 [30]. Moreover, as set out in Section 4, the proposed design equations utilise
the modified elevated temperature yield strength reduction factor k∗y, which enables the use
of the elevated temperature ultimate strengths fu,θ = ku,θfu in the cases where the elevated
temperature strengths at 2% total strains fy,θ are within the descending branches of the
elevated temperature stress-strain curves; Fig. 12, Fig. 13 and Fig. 14 illustrate that this
leads to an improved level of accuracy in the predictions of the ultimate resistances of grade
S690 and S460 high strength steel plates relative to EN 1993-1-2 [28] and prEN 1993-1-2 [30].
The accuracy of the new effective width equations is compared against that of the effective
width equations given in EN 1993-1-2 [28] and prEN 1993-1-2 [55] for high strength and
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normal strength steel plates at elevated temperatures in Table 9 and Fig. 15 considering all
the parameters described in Section 2.6. In Table 9 and Fig. 15, ζ is the ratio of the ultimate
resistance obtained from the GMNIA of a steel plate RGMNIA to that determined through
a design method Rmethod (i.e. ζ = RGMNIA/Rmethod) and ζav, ζCOV , ζmax and ζmin are the
average, coefficient of variation (COV), maximum and minimum of ζ values, respectively.
Note that the ultimate resistances determined by a design method Rmethod are denoted by
Rprop, RprEN1993−1−2 and REN1993−1−2 for the proposed design rules, prEN 1993-1-2 [30] and
EN 1993-1-2 [28], respectively. As can be seen from Table 9 and Fig. 15, the proposed design
rules provide more accurate ultimate strength predictions relative to EN 1993-1-2 [28] and
prEN 1993-1-2 [30] for grade S690 and S460 high strength and grade S355, S275 and S235
normal steel plates at elevated temperatures.

The accuracy of the proposed design rules when they are applied using the constant
ξθ,const factors given by eq. (22), which makes the proposed cross-section classification rules
and effective width equations independent of elevated temperature levels, is also illustrated
in Fig. 15 and Table 9 for all the considered parameters presented in Section 2.6, where
Rmethod is denoted by Rprop,s. As can be seen from Fig. 15 and Table 9, when applied using
the constant ξθ factors given by eq. (22), the proposed design rules also lead to ultimate
strength predictions that are more accurate than those determined using the local buckling
assessment rules provided in EN 1993-1-2 [28] and prEN1993-1-2 [55] for normal and high
strength steel plates at elevated temperatures, thus illustrating the appropriateness of the
use of the simplified version of the proposed design approach if it is preferred by a designer.

5.2. Reliability assessment

The reliability of the proposed design rules and that of EN 1993-1-2 [28] and prEN
1993-1-2 [30] is explored in Table 10, adopting the three reliability criteria proposed by
Kruppa [56] for fire design methods of steel structures. According to Criterion 1 of [56],
none of the ultimate strength estimations determined through a design method Rmethod

should exceed those determined by the GMNIA of numerical models RGMNIA by more than
15%, i.e. (Rmethod − RGMNIA)/RGMNIA ≤ 15%. Criterion 2 of Kruppa [56] states that
less than 20% of the design estimations should be on the unsafe side, i.e. num(Rmethod >
RGMNIA)/num(Rmethod) ≤ 20% and Criterion 3 of [56] indicates that the design predictions
should be safe-sided on average, i.e. X [(Rmethod −RGMNIA)/RGMNIA] ≤ 0%. In Table 10,
the percentage of the cases for which the overpredictions of resistances exceed 15% of those
of GMNIA is shown under Criterion 1, the percentage of the cases for which resistances
are overpredicted is shown under Criterion 2 and the average percentage of the differences
between the design and GMNIA ultimate strengths is shown under Criterion 3. In the table,
the violated reliability criteria are highlighted with ‘∗’. Table 10 shows that the proposed
design rules satisfy the Criterion 2 and Criterion 3 of Kruppa [56] for all the cases, though
they very slightly violate the Criterion 1 of [56]. However, this was deemed to be acceptable
as the reliability criterion is only violated by very small margins (0.35%-1.61%), which were
only for internal elements under bending at the transitions between non-slender and slender
classes (see Fig. 13), and the proposed effective width equations lead to both accurate and
safe ultimate resistances of internal elements and outstand flanges as shown in Table 9 and
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Fig. 15. The proposed effective width design equations will be applied to the design of
high strength and normal strength steel sections in a future study where its accuracy and
reliability for the design of high strength and normal strength steel cross-section in fire will
be extensively assessed. Table 10 also shows the reliability of the proposed design rules
when they are applied using the constant values of ξθ given by eq. (22), which makes the
cross-section classification and effective width equations independent of elevated temperature
levels. Similar observations made for the high reliability of the proposed design rules with
varying ξθ can also be made for its simplified version applied with the constant ξθ,const values
where the Criterion 2 was violated with a very small margin for grade S355 steel which is
deemed acceptable with the satisfaction of the Criterion 1 for this case, thus illustrating the
reliability of the simplified version of the proposed design rules. As can be seen in Table
10, EN 1993-1-2 [28] significantly violates the three reliability criteria of Kruppa [56] in
almost all of the cases, while prEN 1993-1-2 [30] also violates the reliability criteria of [56]
in a number of cases, thus highlighting that the developed effective width design approach
results in more reliable local buckling strength predictions for high strength and normal
strength steel plates at elevated temperatures relative to both EN 1993-1-2 [28] and prEN
1993-1-2 [30]

6. Conclusions

In this paper, the behaviour and design of grade S690 and S460 high strength and grade
S355, S275 and S235 normal strength steel plates undergoing local buckling at elevated
temperatures have been investigated. Shell finite element models of steel plates were created
to replicate their response in fire, which were validated against experimental results from
the literature. The validated shell finite element models of steel plates were then used
to carry out comprehensive parametric studies, considering different elevated temperature
levels, loading conditions, edge boundary conditions and plate slendernesses. The accuracy
of the design rules provided in the existing European structural steel fire design standard
EN 1993-1-2 [28] and its upcoming version prEN 1993-1-2 [30] was investigated using the
extensive structural performance data obtained from the numerical parametric studies. It
was observed that the existing local buckling assessment rules given in EN 1993-1-2 [28] lead
to significant overestimations of the ultimate strengths of grade S690, S460 high strength
and grade S355, S275 and S235 normal strength steel plates at elevated temperatures, while
the updated local buckling assessment equations given in prEN 1993-1-2 [30] generally lead
to safe ultimate strength predictions for grade S355, S275 and S235 normal strength plates
but considerably underestimates the strengths of grade S690 and S460 high strength steel
plates, thus leading to very uneconomic designs for the latter. With the aim of achieving
accurate ultimate strength estimations for both high strength and normal strength steel
plates in fire, new cross-section classification approach and effective width design equations
were proposed. It was shown that owing to the consideration of the differential erosions
of the strengths and stiffnesses at different elevated temperature levels unlike the design
provisions given in EN 1993-1-2 [28] and prEN 1993-1-2 [30], the proposed design rules
lead to accurate and safe ultimate strength predictions for both high strength steel and
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normal strength steel plates in fire. The reliability of the proposed design rules and the
local buckling assessment provisions provided in EN 1993-1-2 [28] and prEN 1993-1-2 [30]
was also investigated adopting the three reliability criteria put forward by Kruppa [56] for
fire design methods of steel structures. It was observed that the proposed design rules
provide more reliable ultimate strength predictions relative to the design rules given in EN
1993-1-2 [28] and prEN 1993-1-2 [30] which both violated the reliability criteria of [56] in a
high number of cases. In this paper, the structural response and design of individual high
strength and normal strength steel plates in fire were investigated. Future research will
be directed towards the investigation of the accuracy of the developed design rules for the
ultimate resistance predictions of high strength and normal strength steel cross-sections at
elevated temperatures.
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Figures captions

Figure 1 : Stress-strain relationship and material property reduction factors for normal
strength steel at elevated temperatures adopted in this study as given in [28]

Figure 2 : Comparison of the Young’s modulus reduction factors kE,θ and yield strength
reduction factors ky,θ for grade S690, S460, S355, S275 and S235 steels adopted in this study

Figure 3 : Elevated temperature stress-strain response of S690 and S460 grade steels at
different elevated temperature levels obtained by [49, 50] and material model adopted in the
finite element models

Figure 4 : Boundary conditions adopted in the finite element models of internal elements
and outstand flanges

Figure 5 : Lowest buckling modes used in the application of geometric imperfections to
the finite element models of internal elements and outstand flanges

Figure 6 : Influence of residual stresses on the ultimate resistances of normal strength
and high strength steel internal elements and outstand flanges at elevated temperatures

Figure 7 : Variation of
√
kE,θ/ky,θ at different elevated temperature levels for high

strength and normal strength steels

Figure 8 : Effective width method used to determine the ultimate resistances of steel
plates

Figure 9 : Accuracy of EN 1993-1-2 [28] and prEN1993-1-2 [30] for the predictions of
the ultimate strengths of normal strength and high strength steel internal elements under
compression at elevated temperatures

Figure 10 : Accuracy of EN 1993-1-2 [28] and prEN 1993-1-2 [30] for the predictions of
the ultimate strengths of normal strength and high strength steel internal elements under
bending at elevated temperatures

Figure 11 : Accuracy of EN 1993-1-2 [28] and prEN 1993-1-2 [30] for the predictions of
the ultimate strengths of normal strength and high strength steel outstand flanges under
compression at elevated temperatures

Figure 12 : Accuracy of the proposed effective width equations for the predictions of
the ultimate strengths of normal strength and high strength steel internal elements under
compression at elevated temperatures
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Figure 13 : Accuracy of the proposed effective width equations for the predictions of
the ultimate strengths of normal strength and high strength steel internal elements under
bending at elevated temperatures

Figure 14 : Accuracy of the proposed effective width equations for the predictions of
the ultimate strengths of normal strength and high strength steel outstand flanges under
compression at elevated temperatures

Figure 15 : Accuracy of EN 1993-1-2 [28], prEN 1993-1-2 [30] and the full and simplified
versions of the proposed effective width equations for ultimate strength predictions of grade
S690 and S460 high strength and grade S355, S275 and S235 steel internal elements and
outstand flanges at elevated temperatures
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(b) Material property reduction factors

Figure 1: Stress-strain relationship and material property reduction factors for normal strength steel at
elevated temperatures adopted in this study as given in [28]
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(a) Young’s modulus reduction factor kE,θ
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(b) Yield strength reduction factor ky,θ

Figure 2: Comparison of the Young’s modulus reduction factors kE,θ and yield strength reduction factors
ky,θ for grade S690, S460, S355, S275 and S235 steels adopted in this study
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Figure 3: Elevated temperature stress-strain response of S690 and S460 grade steels at different elevated
temperature levels obtained by [49, 50] and material model adopted in the finite element models
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Figure 4: Boundary conditions adopted in the finite element models of internal elements and outstand
flanges
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Figure 5: Lowest buckling modes used in the application of geometric imperfections to the finite element
models of internal elements and outstand flanges
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Figure 6: Influence of residual stresses on the ultimate resistances of normal strength and high strength steel
internal elements and outstand flanges at elevated temperatures
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Figure 9: Accuracy of EN 1993-1-2 [28] and prEN1993-1-2 [30] for the predictions of the ultimate strengths
of normal strength and high strength steel internal elements under compression at elevated temperatures
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Figure 10: Accuracy of EN 1993-1-2 [28] and prEN 1993-1-2 [30] for the predictions of the ultimate strengths
of normal strength and high strength steel internal elements under bending at elevated temperatures
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Figure 11: Accuracy of EN 1993-1-2 [28] and prEN 1993-1-2 [30] for the predictions of the ultimate strengths
of normal strength and high strength steel outstand flanges under compression at elevated temperatures
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Figure 12: Accuracy of the proposed effective width equations for the predictions of the ultimate strengths
of normal strength and high strength steel internal elements under compression at elevated temperatures
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Figure 13: Accuracy of the proposed effective width equations for the predictions of the ultimate strengths
of normal strength and high strength steel internal elements under bending at elevated temperatures
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Figure 14: Accuracy of the proposed effective width equations for the predictions of the ultimate strengths
of normal strength and high strength steel outstand flanges under compression at elevated temperatures
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Figure 15: Accuracy of EN 1993-1-2 [28], prEN 1993-1-2 [30] and the full and simplified versions of the
proposed effective width equations for ultimate strength predictions of grade S690 and S460 high strength
and grade S355, S275 and S235 steel internal elements and outstand flanges at elevated temperatures

37



Tables captions

Table 1 : Material reduction factors derived by Qiang et al. [49] and Ramberg-Osgood
exponents used in this study for grade S690 steel (E = 204690 MPa, fy=789 MPa, σu=821
MPa and εu=0.051)

Table 2 : Material reduction factors derived by Qiang et al. [50] and Ramberg-Osgood
exponents used in this study for grade S460 steel (E = 202812 MPa, fy=504 MPa, σu=640
MPa and εu=0.115)

Table 3 : Comparison of the ultimate resistances obtained through the experiments of
Wang et al. [20] and those determined through the finite element models developed in this
study

Table 4 : Comparison of the ultimate resistances obtained through the experiments of
Pauli et al. [18] and those determined through the finite element models developed in this
study

Table 5 : Summary of the parametric studies carried out in this paper

Table 6 : The limit width-to-thickness ratios for the classification of cross-section ele-
ments at room temperature according to EN 1993-1-1 [54] and prEN 1993-1-1 [55]

Table 7 : Cross-section resistances of Class 1, 2, 3 and 4 sections in fire according to EN
1993-1-1 [54] and prEN 1993-1-1 [55]

Table 8 : Cross-section resistances of non-slender and slender sections according to the
proposed design method

Table 9 : Assessment of the accuracy of the proposed design rules, their simplified version
and the design rules provided in EN 1993-1-2 [28] and prEN 1993-1-2 [30] for the ultimate
strength predictions of high strength and normal strength steel internal elements and out-
stand flanges at elevated temperatures

Table 10 : Assessment of the reliability of the proposed design rules, their simplified
version and the design rules provided in EN 1993-1-2 [28] and prEN 1993-1-2 [30] for the
ultimate strength predictions of high strength and normal strength steel plates in fire on
the basis of the reliability criteria set out by Kruppa [56]. Note that a number denoted by
∗ violates the corresponding criterion

38



Table 1: Material reduction factors derived by Qiang et al. [49] and Ramberg-Osgood exponents used in
this study for grade S690 steel (E = 204690 MPa, fy=789 MPa, σu=821 MPa and εu=0.051)

Temperature (◦C) kE,θ kp0.2,θ ky,θ ku,θ kεu,θ nθ mθ

200 0.875 0.884 0.982 0.991 0.957 6.20 1.93
300 0.839 0.879 0.975 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 0.380 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

Table 2: Material reduction factors derived by Qiang et al. [50] and Ramberg-Osgood exponents used in
this study for grade S460 steel (E = 202812 MPa, fy=504 MPa, σu=640 MPa and εu=0.115)

Temperature (◦C) kE,θ kp0.2,θ ky,θ ku,θ kεu,θ nθ mθ

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 0.415 0.328 0.139 6.00 3.90
700 0.153 0.196 0.187 0.157 0.066 5.00 4.20

Table 3: Comparison of the ultimate resistances obtained through the experiments of Wang et al. [20] and
those determined through the finite element models developed in this study

Cross-section
Steel
grade

Critical
plate

Temperature
(◦C)

Nu,test

(kN)
Nu,FE

(kN)
Nu,FE/Nu,test

I-316 × 200
× 6 × 8

S235
Internal
element

20 1247 1170 0.94
450 830 685 0.83
650 280 234 0.84

I-336 × 160
× 8 × 8

S460
Internal
element

20 2269 2022 0.89
450 1450 1260 0.87
650 430 521 1.21

I-250 × 250
× 6 × 8

S235
Outstand

flange

20 1375 1580 1.15
450 930 867 0.93
650 295 289 0.98

I-250 × 220
× 8 × 8

S460
Outstand

flange

20 2637 2375 0.90
450 1650 1498 0.91
650 430 578 1.34
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Table 4: Comparison of the ultimate resistances obtained through the experiments of Pauli et al. [18] and
those determined through the finite element models developed in this study

Cross-section
Steel
grade

Critical
plate

Temperature
(◦C)

Nu,test

(kN)
Nu,FE

(kN)
Nu,FE/Nu,test

SHS 160 ×
160 × 5

S355
Internal
element

20 1214 1169 0.96
400 795 801 1.01
550 468 505 1.08
700 138 172 1.25

Table 5: Summary of the parametric studies carried out in this paper

Loading and boundary conditions Steel grades Temperature
Plate

slenderness λp

Q 

NEd NEd 

MEd MEd 

NEd NEd 

Internal element under 

compression 

Internal element under 

bending 

Outstand flange under 

compression 

S690
S460
S355
S275
S235

300 ◦C
400 ◦C
500 ◦C
600 ◦C
700 ◦C

0.2, 0.3,
0.4, 0.5
0.6, 0.7,
0.8, 0.9,
1.0, 1.1
1.2, 1.3,
1.4, 1.5,
1.6, 1.7,
1.8, 1.9,

2.0

Table 6: The limit width-to-thickness ratios for the classification of cross-section elements at room temper-
ature according to EN 1993-1-1 [54] and prEN 1993-1-1 [55]

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
compression

33ε 38ε 42ε 28ε 34ε 38ε

Internal element under
bending 72ε 83ε 124ε 72ε 83ε 121ε

Outstand element
under compression 9ε 10ε 14ε 9ε 10ε 14ε
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Table 7: Cross-section resistances of Class 1, 2, 3 and 4 sections in fire according to EN 1993-1-1 [54] and
prEN 1993-1-1 [55]

Cross-
section
class

Design resistance under
compression Nfi,t,Rd

Design resistance under
bending Mfi,t,Rd

EN 1993-1-2 prEN 1993-1-2 EN 1993-1-2 prEN 1993-1-2

Class 1
& 2

Aky,θfy/γM,fi Aky,θfy/γM,fi Wplky,θfy/γM,fi Wplky,θfy/γM,fi

Class 3 Aky,θfy/γM,fi Aky,θfy/γM,fi Welky,θfy/γM,fi Welky,θfy/γM,fi

Class 4 Aeffkp0.2,θfy/γM,fi Aeffky,θfy/γM,fi Weffkp0.2,θfy/γM,fi Weffky,θfy/γM,fi

Table 8: Cross-section resistances of non-slender and slender sections according to the proposed design
method

Cross-section
class

Design resistance
under compression

Design resistance
under bending

Non-slender Nfi,t,Rd = Ak∗y,θfy/γM,fi Mfi,t,Rd = Wplk
∗
y,θfy/γM,fi

Slender Nfi,t,Rd = Aeffk
∗
y,θfy/γM,fi Mfi,t,Rd = Weffk

∗
y,θfy/γM,fi

Table 9: Assessment of the accuracy of the proposed design rules, their simplified version and the design
rules provided in EN 1993-1-2 [28] and prEN 1993-1-2 [30] for the ultimate strength predictions of high
strength and normal strength steel internal elements and outstand flanges at elevated temperatures

Design method Steel grade N ζav ζCOV ζmax ζmin

Proposal

S690 285 1.11 0.097 1.35 0.83
S460 285 1.12 0.106 1.41 0.78
S355 285 1.07 0.067 1.20 0.77
S275 285 1.09 0.066 1.24 0.85
S235 285 1.11 0.069 1.29 0.82

Simplified proposal
with constant ξθ

S690 285 1.10 0.095 1.34 0.83
S460 285 1.14 0.116 1.46 0.78
S355 285 1.07 0.076 1.26 0.88
S275 285 1.09 0.083 1.31 0.85
S235 285 1.11 0.088 1.37 0.82

prEN 1993-1-2 [30]

S690 285 1.38 0.210 2.34 0.83
S460 285 1.28 0.223 2.34 0.69
S355 285 1.08 0.149 1.45 0.63
S275 285 1.06 0.158 1.45 0.60
S235 285 1.05 0.165 1.44 0.58

EN 1993-1-2 [28]

S690 285 1.03 0.102 1.49 0.83
S460 285 0.98 0.126 1.39 0.69
S355 285 1.00 0.157 1.48 0.63
S275 285 0.96 0.158 1.39 0.60
S235 285 0.93 0.159 1.34 0.57
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Table 10: Assessment of the reliability of the proposed design rules, their simplified version and the design
rules provided in EN 1993-1-2 [28] and prEN 1993-1-2 [30] for the ultimate strength predictions of high
strength and normal strength steel plates in fire on the basis of the reliability criteria set out by Kruppa
[56]. Note that a number denoted by ∗ violates the corresponding criterion

Design method Steel grade Criterion 1 Criterion 2 Criterion 3

Proposal

S690 0.71∗ 16.61 -9.53
S460 0.71∗ 14.13 -10.16
S355 1.06∗ 19.83 -5.81
S275 0.35∗ 10.56 -7.97
S235 1.06∗ 7.75 -9.54

Simplified proposal
with constant ξθ

S690 0.71∗ 17.67 -8.19
S460 0.71∗ 13.07 -11.41
S355 0.00 20.24∗ -6.11
S275 0.35∗ 13.51 -7.81
S235 1.06∗ 11.97 -9.39

prEN 1993-1-2 [30]

S690 0.70∗ 8.10 -24.34
S460 4.24∗ 14.49 -18.37
S355 10.21∗ 32.75∗ -4.78
S275 12.68∗ 34.51∗ -2.85
S235 14.79∗ 37.32∗ -1.36

EN 1993-1-2 [28]

S690 0.70∗ 42.61∗ -2.43
S460 14.13∗ 60.42∗ 3.54∗

S355 11.97∗ 60.21∗ 2.76∗

S275 16.55∗ 75.70∗ 7.30∗

S235 26.06∗ 80.28∗ 10.12∗
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