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Modelling the post-fire material behaviour of high- and
ultra-high-strength steels
High-strength steels can contribute to more sustainable and
resource-efficient constructions; for example, they can result
in material savings due to the possibility of using smaller
cross-sectional dimensions. However, for a reliable assess-
ment of the residual load-bearing capacity of high-strength
steel components after a fire, there are still a lack of sound
models on the post-fire material behaviour of high-strength
steels, so high-strength steel components are usually re-
placed after a fire. The question is whether this is always
necessary. This paper presents the development of an appli-
cation-oriented material model for the determination of rele-
vant mechanical material properties of high- and ultra-high-
strength steels in the post-fire range. The model is developed
and statistically validated based on comprehensive studies of
experimental results of post-fire tensile tests on various high-
and ultra-high-strength steels. The study thus provides the
basis for reliable structural designs and future normative
guidance for fire engineering practice.
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1 Introduction

The construction sector continues to be responsible for a
huge amount of global carbon emissions, the consump-
tion of finite resources and waste production [1–3]. In or-
der to achieve the goals of the United Nations SDGs [4]
and the European Green Deal [5], the construction sec-
tor, therefore, is a central field for action. High-strength
structural steels, among others, open up opportunities for
material savings and therefore contribute to material effi-
ciency and thus more viable and sustainable building con-
structions and infrastructures [6, 7]. Another key aspect
of achieving environmentally conscious construction is to
use building structures or infrastructures for as long as
possible or reuse reclaimed steel components in a new
structural context. In this regard, the question arises as to
whether visually undamaged steel components can con-
tinue to be used after a fire incident. An important pre-
requisite for this decision is sound knowledge about the
effects of fire and elevated temperatures on material
properties such as strength and stiffness.

For mild steels, several studies on the post-fire mechani-
cal material behaviour have revealed in the past that the
material behaviour is almost completely reversible after
exposure to elevated temperatures and cooling under
natural ventilation conditions [8–14]. Very high maxi-
mum temperatures sometimes lead to partial reductions
in the initial strengths in post-fire tests on mild steels,
e.g. in the studies [8–14]. Therefore, mild steel compo-
nents can continue to be used after a fire incident in most
cases if there are no significant thermally induced defor-
mations. In those cases, the same structural performances
compared as in the pre-fire state can be considered for
design purposes. In terms of high-strength (HSS) and ul-
tra-high-strength steels (UHSS), experimental investiga-
tions have shown that the mechanical material behaviour
changes partially due to heating to high temperatures and
subsequent cooling under natural ventilation conditions.
In the post-fire range, lower strength and stiffness values
have been observed compared to the initial state before
exposure to elevated temperatures [9, 15–25]. The experi-
mental investigations [9, 15–25] have revealed that, par-
ticularly, the strength values of initial HSS are sensitive
to thermal exposures, as maximum temperatures in the
range of 500 °C and above lead to significantly reduced
strength values after natural cooling to ambient tempera-
ture. The results in [8–14] show that the reductions in ma-
terial properties dependent on the maximum temperature
of post-fire tests are far less pronounced for mild steels
than for the HSS and UHSS in the investigations in
[9, 15–25].

Further, several studies, e. g., the investigations in
[11, 13, 14, 16–19] have indicated that the cooling rate
has a decisive influence on the post-fire material proper-
ties of mild steels as well as high-strength structural steels,
as accelerated cooling by water led to higher measured
strengths in post-fire tests. However, the examination of
this effect is not the subject of the present study, but the
post-fire behaviour of HSS and UHSS after cooling under
natural ventilation is addressed. The experimental studies
indicate that the implicit assumption of complete reversi-
bility of mechanical material properties of HSS after ex-
posure to elevated temperatures in available material
models in standards and guidelines for design, such as
the European Standard EN 1993-1-2 [26], causes a signifi-
cant overestimation of actual measured residual strength
and stiffness values. However, consistent phenomenolog-
ical material models and application-oriented approaches
to describe the extent of the impact of elevated tempera-

This is an open access article under the terms of the Creative Commons Attri-
bution License, which permits use, distribution and reproduction in any me-
dium, provided the original work is properly cited.

DOI: 10.1002/stco.202500003

© 2025 The Authors. Published by Ernst & Sohn GmbH, Berlin. Steel Construction 18 (2025) 1

Wiley VCH Mittwoch, 21.05.2025
2599 / 402981 [S. 1/11] 1

A
RTICLE

Sara Uszball, Markus Knobloch ARTICLE

Modelling the post-fire material behaviour of high- and
ultra-high-strength steels
High-strength steels can contribute to more sustainable and
resource-efficient constructions; for example, they can result
in material savings due to the possibility of using smaller
cross-sectional dimensions. However, for a reliable assess-
ment of the residual load-bearing capacity of high-strength
steel components after a fire, there are still a lack of sound
models on the post-fire material behaviour of high-strength
steels, so high-strength steel components are usually re-
placed after a fire. The question is whether this is always
necessary. This paper presents the development of an appli-
cation-oriented material model for the determination of rele-
vant mechanical material properties of high- and ultra-high-
strength steels in the post-fire range. The model is developed
and statistically validated based on comprehensive studies of
experimental results of post-fire tensile tests on various high-
and ultra-high-strength steels. The study thus provides the
basis for reliable structural designs and future normative
guidance for fire engineering practice.

Keywords high-strength steels; material characterisation; structural fire
behaviour; post-fire behaviour; mechanical material model

1 Introduction

The construction sector continues to be responsible for a
huge amount of global carbon emissions, the consump-
tion of finite resources and waste production [1–3]. In or-
der to achieve the goals of the United Nations SDGs [4]
and the European Green Deal [5], the construction sec-
tor, therefore, is a central field for action. High-strength
structural steels, among others, open up opportunities for
material savings and therefore contribute to material effi-
ciency and thus more viable and sustainable building con-
structions and infrastructures [6, 7]. Another key aspect
of achieving environmentally conscious construction is to
use building structures or infrastructures for as long as
possible or reuse reclaimed steel components in a new
structural context. In this regard, the question arises as to
whether visually undamaged steel components can con-
tinue to be used after a fire incident. An important pre-
requisite for this decision is sound knowledge about the
effects of fire and elevated temperatures on material
properties such as strength and stiffness.

For mild steels, several studies on the post-fire mechani-
cal material behaviour have revealed in the past that the
material behaviour is almost completely reversible after
exposure to elevated temperatures and cooling under
natural ventilation conditions [8–14]. Very high maxi-
mum temperatures sometimes lead to partial reductions
in the initial strengths in post-fire tests on mild steels,
e.g. in the studies [8–14]. Therefore, mild steel compo-
nents can continue to be used after a fire incident in most
cases if there are no significant thermally induced defor-
mations. In those cases, the same structural performances
compared as in the pre-fire state can be considered for
design purposes. In terms of high-strength (HSS) and ul-
tra-high-strength steels (UHSS), experimental investiga-
tions have shown that the mechanical material behaviour
changes partially due to heating to high temperatures and
subsequent cooling under natural ventilation conditions.
In the post-fire range, lower strength and stiffness values
have been observed compared to the initial state before
exposure to elevated temperatures [9, 15–25]. The experi-
mental investigations [9, 15–25] have revealed that, par-
ticularly, the strength values of initial HSS are sensitive
to thermal exposures, as maximum temperatures in the
range of 500 °C and above lead to significantly reduced
strength values after natural cooling to ambient tempera-
ture. The results in [8–14] show that the reductions in ma-
terial properties dependent on the maximum temperature
of post-fire tests are far less pronounced for mild steels
than for the HSS and UHSS in the investigations in
[9, 15–25].

Further, several studies, e. g., the investigations in
[11, 13, 14, 16–19] have indicated that the cooling rate
has a decisive influence on the post-fire material proper-
ties of mild steels as well as high-strength structural steels,
as accelerated cooling by water led to higher measured
strengths in post-fire tests. However, the examination of
this effect is not the subject of the present study, but the
post-fire behaviour of HSS and UHSS after cooling under
natural ventilation is addressed. The experimental studies
indicate that the implicit assumption of complete reversi-
bility of mechanical material properties of HSS after ex-
posure to elevated temperatures in available material
models in standards and guidelines for design, such as
the European Standard EN 1993-1-2 [26], causes a signifi-
cant overestimation of actual measured residual strength
and stiffness values. However, consistent phenomenolog-
ical material models and application-oriented approaches
to describe the extent of the impact of elevated tempera-

This is an open access article under the terms of the Creative Commons Attri-
bution License, which permits use, distribution and reproduction in any me-
dium, provided the original work is properly cited.

DOI: 10.1002/stco.202500003

© 2025 The Authors. Published by Ernst & Sohn GmbH, Berlin. Steel Construction 18 (2025) 1

Wiley VCH Mittwoch, 21.05.2025
2599 / 402981 [S. 1/11] 1

A
RTICLE



70	 Steel Construction 18 (2025), No. 2

tures on the post-fire material behaviour of HSS are still
lacking, which is why components made of HSS are usu-
ally replaced after a fire incident.

This paper presents the development of an application-
oriented mechanical material model for the post-fire ma-
terial behaviour of HSS, including the stress-strain re-
sponse and reduction factors for mechanical material
properties, i. e., Young’s modulus and effective yield
strength. The modelling is done on the basis of a compre-
hensive study of results from post-fire tensile tests on var-
ious HSS. Own test results [27, 28] as well as relevant data
available in the literature [8–25] are taken into account,
leading to a broad data pool across several steel grades
and temperatures. The model, therefore, provides the ba-
sis for future design regulations and normative guidance
for the assessment and retrofitting as well as reuse of
HSS structures after a fire and demonstrates the possibil-
ities for the further use of HSS components after a fire,
pursuing the long-term objective of saving valuable re-
sources.

2 Summary of tests for material characterisation

For the development of a data-based material model cov-
ering the mechanical material behaviour of high- and ul-
tra-high-strength structural steels after fire exposure, a
comprehensive data basis from material characterisation
tests is required. For this purpose, a series of strain rate-
controlled tensile tests were performed on small-scale
specimens made of HSS and UHSS after exposures to
various elevated temperatures to characterise the materi-
al behaviour in the post-fire range. The experimental in-
vestigations are briefly summarised in the following sec-
tions. Detailed descriptions of the test procedure as well
as analyses of the test results of the post-fire tests are giv-
en in [27, 28].

In the test series, two quenched and tempered HSS and
UHSS of grade S690QL and S960QL and two thermome-
chanically rolled UHSS of grade S960M and S1100 M
were investigated. For comparison purposes, tests were
also carried out with mild steel of grade S355J2+N. For
the post-fire tensile tests, small-scale dog-bone-shaped
specimens are manufactured from plate material [27].

For the material characterisation in the post-fire range,
the specimens were exposed to predefined maximum

temperatures Tu using an electric furnace, and subse-
quently, they were cooled under natural ventilation con-
ditions to ambient temperature. After completing this
heating–cooling temperature cycle, strain-rate-controlled
tensile tests were performed, which directly provided the
stress–strain response of the material. The maximum
temperatures Tu of the heating phase of the post-fire tests
are chosen as 400, 550, 700, and 900 °C in order to cover
the temperature ranges relevant for structural steel in
terms of material technology and fire safety engineering.
The test program is summarised in Tab. 1.

From the strain-rate-controlled post-fire tensile tests, re-
sidual stress–strain relationships dependent on the maxi-
mum temperature of the heating are directly obtained
for the investigated materials. From the stress–strain rela-
tionships, mechanical material properties, that is, the
Young’s modulus E, the 0.2% proof strength fy,0.2, the ef-
fective yield strength fy,2.0 and the tensile strength ft, are
derived. The experimentally determined mechanical ma-
terial properties from post-fire tests on the investigated
materials are listed in Tab. 2. The main findings are
briefly summarised as follows.

The residual mechanical material properties of the inves-
tigated mild steels of series M2 are almost fully reversible
up to a maximum temperature of 550 °C during heating.
After a maximum temperature of 700 °C only slight
strength reductions of about 10–15% were observed. A
very high maximum temperature of 900 °C led to strength
reductions of about 20–30%. In case of Young’s modulus,
only the very high maximum temperature of 900 °C
caused a minor stiffness reduction of about 5% compared
to the initial state.

For the HSS of series M1 and UHSS of series M3-M5, the
almost complete recovery of mechanical material proper-
ties after exposure to elevated temperatures is also con-
firmed up to a maximum temperature of 550 °C. How-
ever, higher maximum temperatures of 700 or 900 °C led
to significant strength reductions in the post-fire tests.
After a maximum temperature of 700 °C, the residual
strength values were up to 30% lower than initial values,
and after a maximum temperature of 900 °C, the strength
reductions were even higher with up to 40%.

The Young’s modulus of the investigated HSS and UHSS
recovered almost completely up to a maximum tempera-
ture of 700 °C. After the very high maximum temperature

Tab. 1 Test program of post-fire tests

Steel grade tPlate [mm] tSpecimen [mm] Series Maximum temperatures Tu [°°C] Strain rate [%/min]

S355J2+N 8 6 M2 900, 700, 550, 400, 20a) 1.0

S690QL 12 M1 900, 700, 550, 400, 20a)

S960QL 12 M3 900, 700, 550, 400, 20a)

S960M 10 M4 900, 700, 550, 400, 20a)

S1100 M 13 M5 900, 700, 550, 400, 20a)

a)Reference tests at ambient temperature without previous heating to higher Tu
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of 900 °C, however, stiffness reductions of up to 15%
were observed in particular in case of the thermome-
chanically rolled UHSS of series M4 and M5.

3 Mechanical material model

The reliable prognosis and accurate modelling of the tem-
perature-dependent mechanical material behaviour in the
case of fire, including the post-fire range, is an essential
part of fire safety engineering. In the following, the pro-
posal of a mechanical material model for high- and ultra-
high-strength structural steels in the post-fire range is
presented. The modelling thereby follows an approach
that is consistent across multiple steel grades. The aim of
the modelling is a practical and application-oriented
model with simplified mathematical approaches to de-
scribe the post-fire mechanical material behaviour of
HSS and UHSS, which can be used for the assessment of
the structural performance of HSS structures after a fire
incident using both manual calculations in simplified de-
sign procedures as well as advanced numerical design
procedures. The model consists of a mathematical formu-
lation for the stress–strain relationship and temperature-
dependent reduction factors ki,pf for the material proper-
ties, Young’s modulus Epf, and effective yield strength

fy,2.0,pf covering the relation of the residual properties to
the respective initial values at ambient temperature with-
out previous heating. Test results from the post-fire test
series presented in Section 2 and in the studies [27, 28] as
well as studies from [9, 15–25] formed the basis for the
development of the material model. Accordingly, the
model can be applied to determine the post-fire material
behaviour of steel grades above S460 up to and including
S960 and cooling under natural ventilation conditions.

3.1 Modelling residual stress–strain relationships

The experimental stress–strain responses obtained from
post-fire tests on HSS and UHSS [9, 15–28] in most cases
showed the characteristic shape of common structural
steels with a linear–elastic increase following Hooke’s
law, a distinct yield plateau, and a subsequent hardening
range. Therefore, the stress–strain response of HSS and
UHSS in the post-fire range can be determined with
Eq. (1) according to the present model proposal using
the simplified approximation of the bilinear constitutive
equation. The yield strength value fy,pf thereby corre-
sponds to the effective yield strength fy,2.0,pf at a total
strain value of εtot= 2.0%, as the effective yield strength
is traditionally used in fire safety engineering as the deci-
sive strength value of structural steel.

for σ � f y;pf: σ ¼ Epf · ε

for σ > f y;pf: σ ¼ f y;pf
(1)

with

ε as total strain value;
σ as stress;
fy,pf is the post-fire effective yield strength; and
Epf is the post-fire Young’s modulus.

3.2 Reduction factors for post-fire material properties

The accuracy of the model proposal, according to Eq. (1),
is essentially based on the use of close-to-reality input
values for the material properties Young’s modulus Epf

and effective yield strength fy,2.0,pf. Test results show that
in the case of HSS and UHSS in the post-fire range, those
material properties are highly sensitive to elevated tem-
peratures during the heating–cooling temperature cycle.
In order to capture the influence of elevated tempera-
tures on the post-fire material properties, temperature-
dependent reduction factors are developed in the present
modelling approach, and the post-fire mechanical materi-
al properties Young’s Modulus Epf and effective yield
strength fy,2.0,pf of HSS and UHSS are determined accord-
ing to Eqs. (2)–(5). The resulting reduction factors ac-
cording to Eq. (4) and Eq. (5) are summarised in Tab. 3
for selected maximum temperatures and are visualised

Tab. 2 Mechanical material properties from post-fire tests of series M1–M5

Tu [°°C] Series [��] E [MPa] fy,0.2 [MPa] fy,2.0 [MPa] ft [MPa]

20 M2 212320 423 457.4 553.6

M1 204760 763.4 760 794.4

M3 190860 1029.9 1038.6 1067.8

M4 200660 928.4 956 978.2

M5 180020 1086.1 1132.5 1151.8

400 M2 222350 429.1 453.2 547.9

M1 213740 742.5 755.5 783.4

M3 218930 1039.5 1049.7 1078.6

M4 201380 925.9 948.3 970.1

M5 207260 1082 1125.8 1145.9

550 M2 221990 421.5 428.2 539.5

M1 214420 737.9 737.2 775.7

M3 206520 1027.5 1039 1069.6

M4 187950 926.8 948.8 972.6

M5 202900 1083.7 1114.5 1139.7

700 M2 219460 383.4 385.4 496.8

M1 216830 537.3 537.5 607.7

M3 215340 785.6 783 834.5

M4 194210 819.7 816.7 837.5

M5 193390 909.4 904.1 933.3

900 M2 200980 319 312.5 439.8

M1 197600 272.4 283.4 430.4

M3 196030 354.1 407.2 545.5

M4 154410 459.5 639.4 713.5

M5 138350 687.9 888.6 976.4
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cal material behaviour have revealed in the past that the
material behaviour is almost completely reversible after
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nents can continue to be used after a fire incident in most
cases if there are no significant thermally induced defor-
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tions have shown that the mechanical material behaviour
changes partially due to heating to high temperatures and
subsequent cooling under natural ventilation conditions.
In the post-fire range, lower strength and stiffness values
have been observed compared to the initial state before
exposure to elevated temperatures [9, 15–25]. The experi-
mental investigations [9, 15–25] have revealed that, par-
ticularly, the strength values of initial HSS are sensitive
to thermal exposures, as maximum temperatures in the
range of 500 °C and above lead to significantly reduced
strength values after natural cooling to ambient tempera-
ture. The results in [8–14] show that the reductions in ma-
terial properties dependent on the maximum temperature
of post-fire tests are far less pronounced for mild steels
than for the HSS and UHSS in the investigations in
[9, 15–25].

Further, several studies, e. g., the investigations in
[11, 13, 14, 16–19] have indicated that the cooling rate
has a decisive influence on the post-fire material proper-
ties of mild steels as well as high-strength structural steels,
as accelerated cooling by water led to higher measured
strengths in post-fire tests. However, the examination of
this effect is not the subject of the present study, but the
post-fire behaviour of HSS and UHSS after cooling under
natural ventilation is addressed. The experimental studies
indicate that the implicit assumption of complete reversi-
bility of mechanical material properties of HSS after ex-
posure to elevated temperatures in available material
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graphically as functions of the maximum temperature in
Fig. 1.

Epf ¼ kE;pf · E20 �C (2)

f y;2:0;pf ¼ ky;pf · f y;20 �C (3)

With

Tu � 600 �C: kE;pf Tuð Þ ¼ 1:0

Tu > 600 �C: kE;pf Tuð Þ ¼ 1:4� 0:65 · Tu/1000
(4)

And

Tu � 500 �C: ky;pf Tuð Þ ¼ 1:0

Tu > 500 �C: ky;pf Tuð Þ ¼ 1:75� 1:55 · Tu/1000
(5)

Epf is the post-fire Young’s modulus;
fy,2.0,pf is the post-fire effective yield strength;
kE,pf are the reduction factors for the Young’s modulus;

and
ky,pf are reduction factors for the effective yield

strength.

4 Comparative study

4.1
Comparing analytical and experimental stress–strain
relationships

Fig. 2 presents the stress–strain responses from post-fire
tensile tests (black lines) on grade (a) S690QL, (b)
S960QL, (c) S960M, and (d) S1100 M steels. Each graph
contains results for tests after cooling to ambient temper-
ature from maximum temperatures of Tu = 400 °C (solid
lines), Tu = 550 °C (dashed lines), Tu = 700 °C (dotted
lines), and Tu = 900 °C (long dashed lines) during heat-
ing. The red coloured curves represent the results of
reference tests at ambient temperature without previous
heating to elevated temperatures. In addition to the ex-
perimentally determined stress–strain relationships, ana-
lytically determined curves according to Eq. (1) are
shown in blue. The input parameters Young’s modulus
Epf and yield strength fy,pf for the determination of the an-
alytical curves correspond to experimentally determined
material properties of Tab. 2, which are obtained from
the respective post-fire tests.

Fig. 2 shows that the bilinear modelling approach gener-
ally leads to good agreement between analytical and ex-
perimental curves for HSS and UHSS in the strain range
up to 2%. Larger deviations between test results and the
modelling approach are only obtained in some cases, in
particular for thermomechanically rolled UHSS S960M
(Fig. 2c) and S1100 M (Fig. 2d) and for the curves from
tests with maximum temperatures of 900 °C. The meas-
ured stress–strain relationships in those cases have
rounded transition areas between initial elastic and plas-
tic material behaviour, which are not captured by the sim-
plified modelling approach. The studies in [24, 25] also
show unusual behaviour for UHSS of grades above S960.
In order to clearly determine the cause of the unusual
stress–strain behaviour of the thermomechanically rolled
UHSS after a temperature of 900 °C of the present study
and to reveal the general post-fire behaviour of UHSS of
grades above S960, further investigations are required,
which were not part of the present study. Therefore, for
a conservative approach, the scope of the model is cur-
rently limited to steel grades up to and including S960
and, in the case of S960, further to quenched and tem-
pered structural steels.

Further, the experimentally obtained hardening ranges in
the stress–strain responses are also not captured by the
present model. However, the model is assessed as a gen-
erally suitable and application-friendly approach, particu-
larly for simplified design methods, provided that appro-

Tab. 3 Proposed reduction factors ki,pf according to Eq. (4) and Eq. (5) for selected maximum temperatures Tu

Tu [°C] 20 100 500 550 600 650 700 750 800 850 900 950 1000

kE,pf [�] 1 1 1 1 1 0.978 0.945 0.913 0.880 0.848 0.815 0.783 0.750

ky,pf [�] 1 1 1 0.898 0.820 0.743 0.665 0.588 0.510 0.433 0.355 0.278 0.200

Fig. 1 Proposed reduction factors ki,pf for the determination of Young’s modulus
and effective yield strength of HSS and UHSS in the post-fire range
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priate values are chosen for the material properties Epf

and fy,pf. The mechanical material behaviour is predomi-
nantly accurately or conservatively represented by the
model in the strain and temperature range most relevant
to structural and fire safety engineering.

4.2 Comparing analytical and experimental reduction
factors

The reduction factors kE,pf and ky,pf for the determination
of mechanical material properties of HSS and UHSS in
the post-fire range are assessed based on the results of
post-fire tests. In addition to own test results on HSS and
UHSS S690QL, S960QL, S960M, and S1100 M and mild
steel S355J2+N, the test results of the experimental in-
vestigations in Tab. 4 are considered in the following
comparative study and statistical evaluations. Tab. 4 con-
tains investigations in which the specimens were cooled
under natural ventilation conditions (A, air cooling) or
accelerated with supplementary cooling agents such as
water (W, water cooling). In the following evaluations,
only the results from tests with the air-cooling method
are considered, as this cooling method has also been used
in the own test series (see Section 2).

4.2.1 Reduction factors for the effective yield strength

Fig. 3 compares the reduction factors ky,pf according to
Eq. (5) (red lines) to the reduction factors of the effective
yield strength from post-fire tests for (a) mild steels with
fy,nom� 460 MPa, (b) HSS with 460 < fy,nom� 700 MPa,
and (c) UHSS with fy,nom> 700 MPa. The reduction fac-
tors of own tests (red points) are supplemented by data
from selected studies of the literature [8–25] (grey
points). Fig. 3 also shows averaged values of the test re-
sults (dashed black and grey lines). The UHSS in Fig. 3c
are thereby further subdivided into two groups of steel
grades up to and including S960 and steel grades higher
than S960. The experimentally determined reduction fac-
tors of the effective yield strengths in the post-fire range
of HSS and UHSS are significantly influenced by the
maximum temperature of the heating phase if the tem-
perature exceeds 500 °C. The residual strengths are
strongly reduced compared to the initial values before
heating. On average, the highest strength reductions are
observed for UHSS with fy,nom> 960 MPa and the lowest
residual strength reductions of the investigated HSS and
UHSS are measured on average for UHSS with
fy,nom� 960 MPa. The data on HSS in Fig. 3b shows the
greatest variation. For mild steels in Fig. 3a also reduc-

Fig. 2 Stress–strain relationships for materials a) S690QL of series M1, b) S960QL of series M3, c) S960M of series M4, and d) S1100 M of series M5 from post-fire ten-
sile tests and according to bilinear constitutive model with material properties from post-fire tests as input parameters
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1 Introduction

The construction sector continues to be responsible for a
huge amount of global carbon emissions, the consump-
tion of finite resources and waste production [1–3]. In or-
der to achieve the goals of the United Nations SDGs [4]
and the European Green Deal [5], the construction sec-
tor, therefore, is a central field for action. High-strength
structural steels, among others, open up opportunities for
material savings and therefore contribute to material effi-
ciency and thus more viable and sustainable building con-
structions and infrastructures [6, 7]. Another key aspect
of achieving environmentally conscious construction is to
use building structures or infrastructures for as long as
possible or reuse reclaimed steel components in a new
structural context. In this regard, the question arises as to
whether visually undamaged steel components can con-
tinue to be used after a fire incident. An important pre-
requisite for this decision is sound knowledge about the
effects of fire and elevated temperatures on material
properties such as strength and stiffness.

For mild steels, several studies on the post-fire mechani-
cal material behaviour have revealed in the past that the
material behaviour is almost completely reversible after
exposure to elevated temperatures and cooling under
natural ventilation conditions [8–14]. Very high maxi-
mum temperatures sometimes lead to partial reductions
in the initial strengths in post-fire tests on mild steels,
e.g. in the studies [8–14]. Therefore, mild steel compo-
nents can continue to be used after a fire incident in most
cases if there are no significant thermally induced defor-
mations. In those cases, the same structural performances
compared as in the pre-fire state can be considered for
design purposes. In terms of high-strength (HSS) and ul-
tra-high-strength steels (UHSS), experimental investiga-
tions have shown that the mechanical material behaviour
changes partially due to heating to high temperatures and
subsequent cooling under natural ventilation conditions.
In the post-fire range, lower strength and stiffness values
have been observed compared to the initial state before
exposure to elevated temperatures [9, 15–25]. The experi-
mental investigations [9, 15–25] have revealed that, par-
ticularly, the strength values of initial HSS are sensitive
to thermal exposures, as maximum temperatures in the
range of 500 °C and above lead to significantly reduced
strength values after natural cooling to ambient tempera-
ture. The results in [8–14] show that the reductions in ma-
terial properties dependent on the maximum temperature
of post-fire tests are far less pronounced for mild steels
than for the HSS and UHSS in the investigations in
[9, 15–25].

Further, several studies, e. g., the investigations in
[11, 13, 14, 16–19] have indicated that the cooling rate
has a decisive influence on the post-fire material proper-
ties of mild steels as well as high-strength structural steels,
as accelerated cooling by water led to higher measured
strengths in post-fire tests. However, the examination of
this effect is not the subject of the present study, but the
post-fire behaviour of HSS and UHSS after cooling under
natural ventilation is addressed. The experimental studies
indicate that the implicit assumption of complete reversi-
bility of mechanical material properties of HSS after ex-
posure to elevated temperatures in available material
models in standards and guidelines for design, such as
the European Standard EN 1993-1-2 [26], causes a signifi-
cant overestimation of actual measured residual strength
and stiffness values. However, consistent phenomenolog-
ical material models and application-oriented approaches
to describe the extent of the impact of elevated tempera-
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tions of the residual strength values are observed. How-
ever, these are mostly lower compared to HSS and
UHSS.

The proposed reduction factors ky,pf according to Eq. (5)
capture the reduced post-fire strengths of HSS and
UHSS through a reduction in the effective yield strength
after exposure to temperatures above 500 °C, depending
on the maximum temperature of the heating. The average
degradations of the effective yield strength of HSS and
UHSS with fy,nom� 960 MPa are generally well captured
by the proposed reduction factors ky,pf. The model pro-
posal approximates the strengths for these investigated
HSS and UHSS predominantly conservatively. In the
case of UHSS with fy,nom> 960 MPa, the experimentally
determined strength reductions from the studies [24, 25]
are overestimated by the model proposal. The unusually

high reduction factors, which cannot be confirmed by
own tests on material S1100 M of series M5, are not ex-
plained. However, the model proposal is therefore ini-
tially limited to the application range for steel grades up
to and including S960, which is why the following statisti-
cal evaluations (Fig. 3d) also include only these steel
grades.

Fig. 3d shows the statistical evaluation of the deviations
between test results and reduction factors according to
the European Standard EN 1993-1-2 [26] and according
to Eq. (5) of the present model proposal. The material
model according to EN 1993-1-2 implicitly assumes for
structural steel a complete reversibility of the initial
strength values after an exposure to elevated tempera-
tures. With this assumption, the experimentally deter-
mined reduction factors of the effective yield strength

Tab. 4 Studies from the literature considered for comparisons

References Steel grade fy,nom
[MPa]

Specimen thickness
[mm]

Temperatures Tu

[°°C]
Cooling proce-
durea)

Strain rate/velocity

Smith et al. (1981) [8] BS4360 Gr.
43A,
ASTM A572
Gr. 50

25

355

– 20–1000 A –

Qiang et al. (2012) [9] S460NL
S690QL

460
690

5 300–1000 A 0.5%/min

Gunalan, Mahendran
(2014) [10]

G300
G500
G550

300
500
550

1.0
1.15
0.95

20–800 A 1mm/min

Wang et al. (2015) [11] Q460 460 8 × 15 20–900 A, W 10MPa/s to fy,
0.1%/s during yielding,
10mm/min to fracture

Choi, Chung (2015) [12] SN400 SM520
SM570

235
355
440

D = 6 20–900 A 1.5%/min to fy,
12%/min to fracture

Lu et al. (2016) [13] Q235
Q340
Q420

235
345
420

7.5 × 15

7x20

20–1000 A, W 5MPa/s, 0.1%/min

Aziz, Kodur (2016) [14] ASTM A572
Gr. 50

355 12.7 × 9.53 20–800 A, W 0.002mm/min to 3 mm, 0.021mm/min
to fracture

Chiew et al. (2014) [15] RQT�S690 690 8 20–1000 A 0.3%/min

Li et al. (2017) [16] Q690 690 10 20–900 A, W 2mm/min

Li, Young (2018) [20] Optim 700 Plus
MH
Optim 900 QH

700

900

4.6

4

20–1000 A 0.05mm/min to fy,
0.4mm/min to ft,
0.8mm/min to fracture

Wang, Lui (2020) [17] Q690 690 12 20–1000 A, W 0.5%/min

Song et al. (2020) [18] TMPC Q550 550 20 × 20 20–900 A, W 2mm/min

Su et al. (2020) [21] S700MC 690 5 20–950 A 0.05mm/min to fy,
0.8mm/min to fracture

Wang et al. (2020) [19] Bisalloy 80
Bisalloy 400

690
1070

12.5 20–1200 A, W 1.5%/min for ε � 10%;
3%/min for ε > 10

Qiang et al. (2013) [22] S960QL 960 5 300–1000 A 0.5%/min

Pandey, Young (2021)
[23]

900MH
960MH

900
960

12.5 × 4 20–900 A 0.05mm/min to fy,0.2,
0.3mm/min to fracture

Yan et al. (2020) [24] MS1030
MS1200

1030
1200

12.7 × 1 20–700 A 0.25mm/min

Azhari et al. (2017) [25] S1200 1200 13 × 3 20–600 A 0.5%/min

a)A-Air cooling, W-Water cooling
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are overestimated on average with a mean value of
�x ¼ �0:191 and a standard deviation of s = 0.237 for
HSS and �x ¼ �0:146 and s = 0.175 for UHSS. The reduc-
tion factors ky,pf according to Eq. (5) on the other hand
lead to an average deviation between test results and ana-
lytical reduction factors of �x ¼ 0:045 with s = 0.190 for
HSS and �x ¼ 0:151 with s = 0.173 for UHSS. Thus, the
model proposal results in a significantly improved and
mostly conservative estimation of the effective yield
strength of HSS and UHSS in the post-fire range.

4.2.2 Reduction factors for Young’s modulus

Test results show that there are partial degradations of
Young’s modulus for HSS and UHSS in the post-fire
range. This can be observed in particular in tests with
maximum temperatures in the heating phase above
600 °C. The reduction factors kE,pf according to Eq. (4)
take into account the observed reductions of the Young’s
modulus. Fig. 4 shows the proposed reduction factors kE,pf

according to Eq. (4) (red lines) and reduction factors of
the Young’s modulus from post-fire tests for (a) mild
steels with fy,nom� 460 MPa, (b) HSS with
460 < fy,nom� 700 MPa, and (c) UHSS with
fy,nom> 700 MPa. In addition to the own test series, which

are represented by the red points in the graphs, the test
results also include available data from the literature [8–
25], marked by the grey points. In addition, Fig. 4a–c
shows the average values of the test results (dashed black
and grey lines). Fig. 4a–c illustrates that high maximum
temperatures above 600 °C can lead to a reduction in the
residual Young’s modulus of HSS and UHSS, which is on
average of the same order of magnitude for various inves-
tigated steel grades of HSS and UHSS and depends deci-
sively on the maximum temperature of the heating phase.
The highest observed reduction thereby is about 35%
after a very high maximum temperature of 1000 °C for
both HSS and UHSS. For mild steels, in general, this ef-
fect is less pronounced as the post-fire reduction factors
are higher in most cases compared to HSS and UHSS.
The proposed reduction factors kE,pf for the determina-
tion of the residual Young’s modulus of HSS and UHSS
correspond approximately to the average values of the
test results.

Fig. 4d contains the statistical evaluation of the deviations
between experimentally and analytically determined re-
duction factors of the post-fire Young’s modulus. The an-
alytically determined values are on the one hand calcu-
lated with Eq. (4) of the present model proposal (red
lines) and on the other hand according to the model of

Fig. 3 Post-fire reduction factors for the effective yield strength from tests on a) mild steels, b) HSS, and c) UHSS compared to ky,pf according to the model proposal and
d) statistical evaluation between test results and material models
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1 Introduction

The construction sector continues to be responsible for a
huge amount of global carbon emissions, the consump-
tion of finite resources and waste production [1–3]. In or-
der to achieve the goals of the United Nations SDGs [4]
and the European Green Deal [5], the construction sec-
tor, therefore, is a central field for action. High-strength
structural steels, among others, open up opportunities for
material savings and therefore contribute to material effi-
ciency and thus more viable and sustainable building con-
structions and infrastructures [6, 7]. Another key aspect
of achieving environmentally conscious construction is to
use building structures or infrastructures for as long as
possible or reuse reclaimed steel components in a new
structural context. In this regard, the question arises as to
whether visually undamaged steel components can con-
tinue to be used after a fire incident. An important pre-
requisite for this decision is sound knowledge about the
effects of fire and elevated temperatures on material
properties such as strength and stiffness.

For mild steels, several studies on the post-fire mechani-
cal material behaviour have revealed in the past that the
material behaviour is almost completely reversible after
exposure to elevated temperatures and cooling under
natural ventilation conditions [8–14]. Very high maxi-
mum temperatures sometimes lead to partial reductions
in the initial strengths in post-fire tests on mild steels,
e.g. in the studies [8–14]. Therefore, mild steel compo-
nents can continue to be used after a fire incident in most
cases if there are no significant thermally induced defor-
mations. In those cases, the same structural performances
compared as in the pre-fire state can be considered for
design purposes. In terms of high-strength (HSS) and ul-
tra-high-strength steels (UHSS), experimental investiga-
tions have shown that the mechanical material behaviour
changes partially due to heating to high temperatures and
subsequent cooling under natural ventilation conditions.
In the post-fire range, lower strength and stiffness values
have been observed compared to the initial state before
exposure to elevated temperatures [9, 15–25]. The experi-
mental investigations [9, 15–25] have revealed that, par-
ticularly, the strength values of initial HSS are sensitive
to thermal exposures, as maximum temperatures in the
range of 500 °C and above lead to significantly reduced
strength values after natural cooling to ambient tempera-
ture. The results in [8–14] show that the reductions in ma-
terial properties dependent on the maximum temperature
of post-fire tests are far less pronounced for mild steels
than for the HSS and UHSS in the investigations in
[9, 15–25].

Further, several studies, e. g., the investigations in
[11, 13, 14, 16–19] have indicated that the cooling rate
has a decisive influence on the post-fire material proper-
ties of mild steels as well as high-strength structural steels,
as accelerated cooling by water led to higher measured
strengths in post-fire tests. However, the examination of
this effect is not the subject of the present study, but the
post-fire behaviour of HSS and UHSS after cooling under
natural ventilation is addressed. The experimental studies
indicate that the implicit assumption of complete reversi-
bility of mechanical material properties of HSS after ex-
posure to elevated temperatures in available material
models in standards and guidelines for design, such as
the European Standard EN 1993-1-2 [26], causes a signifi-
cant overestimation of actual measured residual strength
and stiffness values. However, consistent phenomenolog-
ical material models and application-oriented approaches
to describe the extent of the impact of elevated tempera-
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the European standard EN 1993-1-2 [26] (black lines),
which assumes a complete reversibility of the residual
Young’s modulus. For HSS there are deviations between
test results and the reduction factors kE,pf of the model
proposal with a mean value of �x ¼ 0:019 and a standard
deviation of s = 0.080. For UHSS, the statistical indica-
tors are slightly higher at �x ¼ 0:034 and s = 0.086. The
comparison of the approach according to EN 1993-1-2 to
the reduction factors from post-fire tests leads to devia-
tions with a mean value of �x ¼ 0:040 with s = 0.073 for
HSS and �x ¼ 0:031 with s = 0.104 for UHSS. The reduc-
tion factors kE,pf according to Eq. (4) thus contribute to a
more accurate approximation of the experimentally de-
termined values of the residual Young’s modulus of HSS
and UHSS after exposure to elevated temperatures.

4.3 Comparison of existing model proposals

As part of numerous studies on the post-fire behaviour of
structural steels, various model approaches have been de-
veloped to describe the residual material behaviour after
exposure to elevated temperatures and subsequent cool-
ing to ambient temperature. The approaches from avail-
able publications mainly consist of polynomial functions
of varying complexity to describe the reduction factors

for the determination of residual mechanical material
properties depending on the maximum temperature of
the heating phase. Fig. 5 shows some selected examples
of such material models from the studies in [9–11, 14, 16–
18, 20, 22]. Fig. 5 compares the model proposals for the
determination of residual values of (a) Young’s modulus
and (b) the effective yield strength to the developed mod-
el proposal of this paper according to Eq. (4) and Eq. (5)
(red lines). In addition to approaches for HSS and UHSS,
some of the model proposals from the literature also in-
clude approaches that can also be applied for mild steels
with fy,nom� 460 MPa [9–11]. Fig. 5 also shows the aver-
aged values of the considered approaches (black solid
lines with highlighted points).

In the case of Young’s modulus (Fig. 5a), all existing
model proposals consider an almost complete reversibil-
ity of the initial values in the post-fire range up to a max-
imum temperature of 400 °C. After higher maximum
temperatures, however, stiffness reductions are assumed
by the models. Eq. (4) of the present model proposal con-
siders a full reversibility of Young’s modulus of HSS and
UHSS up to a maximum temperature of 600 °C.

For the effective yield strength (Fig. 5b), most of the in-
vestigated model proposals also consider almost full re-

Fig. 4 Post-fire reduction factors for the Young’s modulus from tests on a) mild steels, b) HSS, and c) UHSS compared to kE,pf according to the model proposal and d)
statistical evaluation between test results and material models
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versibility of the initial strength values of structural steels
in the post-fire range up to a maximum temperature of
400 °C. Significant reductions of initial strength values
after exposures to temperatures less than 400 °C are only
considered in the studies [10, 11]. However, both studies
mainly address the post-fire material behaviour of mild
steels, namely steels of grades G300 in [10] and Q460 in
[11]. The model proposals based on test results of HSS
consistently assume a reduction only after maximum tem-
peratures above 400 °C. This also applies to the devel-
oped reduction factors ky,pf according to Eq. (5), which as-
sume a residual strength reduction after maximum tem-
peratures above 500 °C.

Both in the case of Young’s modulus and the effective
yield strength, the developed reduction factors kE,pf and
ky,pf correspond to the average values of the presented
model approaches from the literature. Therefore, it can
be assumed that the developed reduction factors reflect
the average post-fire material behaviour from experimen-
tal investigations on various investigated structural steels
well. The evaluations in Section 4.2 prove this, as the
overall deviations between the reduction factors accord-
ing to the present model proposal and respective post-
fire test results are generally small or conservative.

The present model proposal of this paper is suitable for
engineering practice due to the possibility of wide applic-
ability and a focus on simple and user-friendly handling
and thus provides a sound basis for normative regulations
for the assessment of the structural behaviour of HSS
structures in the post-fire range.

5 Conclusions

The paper presents the development of an application-
oriented approach for modelling mechanical material
properties of HSS and UHSS after exposure to elevated
temperatures in fire and subsequent cooling under natu-
ral ventilation conditions to ambient temperature. A
comprehensive set of data from post-fire tensile tests is
used for the development and assessment of the model-
ling approach. The following main conclusions are drawn:

– The stress-strain relationship of HSS and UHSS after
fires can be approximated by the characteristic simpli-
fied bilinear approach for structural steels using
Hooke’s law with the Young’s modulus as initial slope
in the linear-elastic range and the effective yield
strength as the decisive strength limit. The main pre-
requisite for the accurate approximation of the stress-
strain relationship with the simplified approach are
suitable assumptions for the mechanical material prop-
erties.

– In the post-fire range after natural cooling from ele-
vated temperatures, the mechanical material proper-
ties of HSS and UHSS strongly depend on the maxi-
mum temperature of the heating phase. Higher maxi-
mum temperatures generally lead to deteriorations of
strength and stiffness values. A consistent pattern is
identified in the reduction of the values of the yield
strength and Young’s modulus, respectively, which is
mathematically described using reduction factors de-
pending on initial values of the material properties at
ambient temperature and the maximum temperature
during fire.

– The developed model proposal uses simplified bilinear
equations for the determination of reduction factors
for residual material properties of HSS and UHSS.
The proposed modelling approach leads to a generally
high level of agreement with experimental data and
provides a robust and user-friendly material model
with high application potential for engineering prac-
tice.
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1 Introduction

The construction sector continues to be responsible for a
huge amount of global carbon emissions, the consump-
tion of finite resources and waste production [1–3]. In or-
der to achieve the goals of the United Nations SDGs [4]
and the European Green Deal [5], the construction sec-
tor, therefore, is a central field for action. High-strength
structural steels, among others, open up opportunities for
material savings and therefore contribute to material effi-
ciency and thus more viable and sustainable building con-
structions and infrastructures [6, 7]. Another key aspect
of achieving environmentally conscious construction is to
use building structures or infrastructures for as long as
possible or reuse reclaimed steel components in a new
structural context. In this regard, the question arises as to
whether visually undamaged steel components can con-
tinue to be used after a fire incident. An important pre-
requisite for this decision is sound knowledge about the
effects of fire and elevated temperatures on material
properties such as strength and stiffness.

For mild steels, several studies on the post-fire mechani-
cal material behaviour have revealed in the past that the
material behaviour is almost completely reversible after
exposure to elevated temperatures and cooling under
natural ventilation conditions [8–14]. Very high maxi-
mum temperatures sometimes lead to partial reductions
in the initial strengths in post-fire tests on mild steels,
e.g. in the studies [8–14]. Therefore, mild steel compo-
nents can continue to be used after a fire incident in most
cases if there are no significant thermally induced defor-
mations. In those cases, the same structural performances
compared as in the pre-fire state can be considered for
design purposes. In terms of high-strength (HSS) and ul-
tra-high-strength steels (UHSS), experimental investiga-
tions have shown that the mechanical material behaviour
changes partially due to heating to high temperatures and
subsequent cooling under natural ventilation conditions.
In the post-fire range, lower strength and stiffness values
have been observed compared to the initial state before
exposure to elevated temperatures [9, 15–25]. The experi-
mental investigations [9, 15–25] have revealed that, par-
ticularly, the strength values of initial HSS are sensitive
to thermal exposures, as maximum temperatures in the
range of 500 °C and above lead to significantly reduced
strength values after natural cooling to ambient tempera-
ture. The results in [8–14] show that the reductions in ma-
terial properties dependent on the maximum temperature
of post-fire tests are far less pronounced for mild steels
than for the HSS and UHSS in the investigations in
[9, 15–25].

Further, several studies, e. g., the investigations in
[11, 13, 14, 16–19] have indicated that the cooling rate
has a decisive influence on the post-fire material proper-
ties of mild steels as well as high-strength structural steels,
as accelerated cooling by water led to higher measured
strengths in post-fire tests. However, the examination of
this effect is not the subject of the present study, but the
post-fire behaviour of HSS and UHSS after cooling under
natural ventilation is addressed. The experimental studies
indicate that the implicit assumption of complete reversi-
bility of mechanical material properties of HSS after ex-
posure to elevated temperatures in available material
models in standards and guidelines for design, such as
the European Standard EN 1993-1-2 [26], causes a signifi-
cant overestimation of actual measured residual strength
and stiffness values. However, consistent phenomenolog-
ical material models and application-oriented approaches
to describe the extent of the impact of elevated tempera-

This is an open access article under the terms of the Creative Commons Attri-
bution License, which permits use, distribution and reproduction in any me-
dium, provided the original work is properly cited.

DOI: 10.1002/stco.202500003

© 2025 The Authors. Published by Ernst & Sohn GmbH, Berlin. Steel Construction 18 (2025) 1

Wiley VCH Mittwoch, 21.05.2025
2599 / 402981 [S. 1/11] 1

A
RTICLE



78	 Steel Construction 18 (2025), No. 2

(HighssFire)” from the Research Association for Steel
Application (FOSTA), Düsseldorf, which was supported
by the Federal Ministry of Economic Affairs and Climate
Action through the German Federation of Industrial Re-

search Associations (AiF) as part of the programme for
promoting industrial cooperative research (IGF) on the
basis of a decision by the German Bundestag. The proj-
ects were carried out at Ruhr-University Bochum.
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Sara Uszball, Markus Knobloch ARTICLE

Modelling the post-fire material behaviour of high- and
ultra-high-strength steels
High-strength steels can contribute to more sustainable and
resource-efficient constructions; for example, they can result
in material savings due to the possibility of using smaller
cross-sectional dimensions. However, for a reliable assess-
ment of the residual load-bearing capacity of high-strength
steel components after a fire, there are still a lack of sound
models on the post-fire material behaviour of high-strength
steels, so high-strength steel components are usually re-
placed after a fire. The question is whether this is always
necessary. This paper presents the development of an appli-
cation-oriented material model for the determination of rele-
vant mechanical material properties of high- and ultra-high-
strength steels in the post-fire range. The model is developed
and statistically validated based on comprehensive studies of
experimental results of post-fire tensile tests on various high-
and ultra-high-strength steels. The study thus provides the
basis for reliable structural designs and future normative
guidance for fire engineering practice.

Keywords high-strength steels; material characterisation; structural fire
behaviour; post-fire behaviour; mechanical material model

1 Introduction

The construction sector continues to be responsible for a
huge amount of global carbon emissions, the consump-
tion of finite resources and waste production [1–3]. In or-
der to achieve the goals of the United Nations SDGs [4]
and the European Green Deal [5], the construction sec-
tor, therefore, is a central field for action. High-strength
structural steels, among others, open up opportunities for
material savings and therefore contribute to material effi-
ciency and thus more viable and sustainable building con-
structions and infrastructures [6, 7]. Another key aspect
of achieving environmentally conscious construction is to
use building structures or infrastructures for as long as
possible or reuse reclaimed steel components in a new
structural context. In this regard, the question arises as to
whether visually undamaged steel components can con-
tinue to be used after a fire incident. An important pre-
requisite for this decision is sound knowledge about the
effects of fire and elevated temperatures on material
properties such as strength and stiffness.

For mild steels, several studies on the post-fire mechani-
cal material behaviour have revealed in the past that the
material behaviour is almost completely reversible after
exposure to elevated temperatures and cooling under
natural ventilation conditions [8–14]. Very high maxi-
mum temperatures sometimes lead to partial reductions
in the initial strengths in post-fire tests on mild steels,
e.g. in the studies [8–14]. Therefore, mild steel compo-
nents can continue to be used after a fire incident in most
cases if there are no significant thermally induced defor-
mations. In those cases, the same structural performances
compared as in the pre-fire state can be considered for
design purposes. In terms of high-strength (HSS) and ul-
tra-high-strength steels (UHSS), experimental investiga-
tions have shown that the mechanical material behaviour
changes partially due to heating to high temperatures and
subsequent cooling under natural ventilation conditions.
In the post-fire range, lower strength and stiffness values
have been observed compared to the initial state before
exposure to elevated temperatures [9, 15–25]. The experi-
mental investigations [9, 15–25] have revealed that, par-
ticularly, the strength values of initial HSS are sensitive
to thermal exposures, as maximum temperatures in the
range of 500 °C and above lead to significantly reduced
strength values after natural cooling to ambient tempera-
ture. The results in [8–14] show that the reductions in ma-
terial properties dependent on the maximum temperature
of post-fire tests are far less pronounced for mild steels
than for the HSS and UHSS in the investigations in
[9, 15–25].

Further, several studies, e. g., the investigations in
[11, 13, 14, 16–19] have indicated that the cooling rate
has a decisive influence on the post-fire material proper-
ties of mild steels as well as high-strength structural steels,
as accelerated cooling by water led to higher measured
strengths in post-fire tests. However, the examination of
this effect is not the subject of the present study, but the
post-fire behaviour of HSS and UHSS after cooling under
natural ventilation is addressed. The experimental studies
indicate that the implicit assumption of complete reversi-
bility of mechanical material properties of HSS after ex-
posure to elevated temperatures in available material
models in standards and guidelines for design, such as
the European Standard EN 1993-1-2 [26], causes a signifi-
cant overestimation of actual measured residual strength
and stiffness values. However, consistent phenomenolog-
ical material models and application-oriented approaches
to describe the extent of the impact of elevated tempera-

This is an open access article under the terms of the Creative Commons Attri-
bution License, which permits use, distribution and reproduction in any me-
dium, provided the original work is properly cited.

DOI: 10.1002/stco.202500003

© 2025 The Authors. Published by Ernst & Sohn GmbH, Berlin. Steel Construction 18 (2025) 1

Wiley VCH Mittwoch, 21.05.2025
2599 / 402981 [S. 1/11] 1

A
RTICLE


