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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-
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Numerical design calculation of flush endplate
connections at elevated temperatures
The fire design of bolted connections is a critical aspect of
structural fire engineering, as the failure of steel connections
under fire conditions can compromise the entire structure.
This paper presents numerical design calculations of flush
endplate connections using the component-based finite-ele-
ment method (CBFEM) at elevated temperatures. The CBFEM
models are developed and validated against experimental
data, focusing on load-rotation behaviour, connection resist-
ance, and failure modes under thermal stress. By integrating
the component method with finite-element analysis, CBFEM
provides a robust framework for simulating the behaviour of
steel connections in fire. Additionally, the method is verified
against Eurocode design specifications for further validation.
The results demonstrate that CBFEM is a reliable and accu-
rate approach for the fire design of bolted steel connections
at elevated temperatures, offering precise predictions of con-
nection performance and failure mechanisms.

Keywords flush endplate connections; fire resistance; component-based
finite-element method; numerical calculation

1 Introduction

The failure of steel connections may result in the collapse
of the entire building at elevated temperatures due to
their influences on internal forces distribution and overall
deformation. Hence, the resistance of steel connections at
elevated temperatures should be accurately predicted to
understand the structural fire performance. Wald et al.
[1] conducted the Cardington fire experiments to under-
stand the effect of connections on the mechanical behav-
iour of steel structures at elevated temperatures. The con-
nection types studied in the Cardington tests are endplate
and finplate connections.

Flush endplate connections are commonly used in steel
structures, thanks to their easy fabrication, good perform-
ance, and low cost [2]. The elastic and plastic deforma-
tions of the connection components including the end-
plate in bending, the bolts in tension, the bending of the
column flange, and the column web in shear govern the
nonlinear behaviour of the flush endplate connections
[3]. Several experimental studies were performed to in-

vestigate the mechanical response of flush endplate con-
nections at ambient and elevated temperatures [4–9].
Leston Jones et al. [4] performed a single test at ambient
and five tests at elevated temperatures to develop the
moment–rotation characteristics of steel flush endplate
connections. Yu et al. [5] reported a series of tests on
flush endplate connections subjected to combinations of
tying force (normal to the column face) and shear force
(parallel to the column face) at elevated temperatures.
Three tests at elevated temperatures were carried out by
Li et al. [6] to investigate the temperature distribution,
load-carrying capacity, and failure mode of the flush end-
plate composite joints. Ataei et al. [7] performed an ex-
perimental study on four full-scale sustainable flush end-
plate semi-rigid beam-to-column joints with deconstruct-
able bolted shear connectors. The study determined the
failure modes and to characterize the moment and rota-
tion capacities, moment–rotation relationships and ductil-
ities of this new deconstructable composite system. Khon-
sari et al. [8] conducted a fire test to assess the mechanical
behaviour of bare steel flush endplate connections with
relatively low thickness in a 3D frame at elevated temper-
atures. They observed several failure modes including
bolt fracture, bolt thread stripping, and large inelastic de-
formation of the endplates. The adoption of thin end-
plates increased the rotational capacity of the connec-
tions. Lu et al. [9] conducted an experimental study on
high-strength Q690 steel flush endplate connections
(Q690-FEC) at ambient and elevated temperatures to in-
vestigate the bending capacity and failure modes of flush
endplate connections. Fire tests help structural fire engi-
neers to understand better the mechanical behaviour of
steel connections at elevated temperatures. However, the
fire tests are not feasible to conduct for all steel connec-
tion types due to the limitations in furnace size and exper-
imental costs.

The fire resistance of steel connections may be evaluated
by analytical and finite-element models. EN 1993-1-8 [10]
standardizes the component-based method to analyse the
steel connections at ambient temperatures. The compo-
nent-based method may be used to predict the fire behav-
iour of steel connections using the reduction factors for
structural steel, bolts, and welds proposed in
EN 1993-1-2 [11]. Numerical studies are important tools
for understanding the mechanical response of steel con-
nections at elevated temperatures comparing prescriptive
and performance-based approaches [12] to the design of
steel connections in fire conditions. Both prescriptive
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and performance-based approaches use finite-element
methods (FEMs). The prescriptive approach simulates
the mechanical behaviour of steel connections exposed
to standardized fire exposure. In contrast, experimental
fire scenarios or real fire data might be used to validate
the performance-based models. Several numerical mod-
els [13–17] have been generated to model the flush end-
plate connections at elevated temperatures. Al-Jabri
et al. [13] developed a finite-element model using 3D sol-
id elements to study the responsive flush endplate bare
steel connections and establish the moment–rotation
characteristics of the connections under the combined
loading of a concentrated force at elevated temperatures.
Tran [16] developed a model for predicting the moment–
rotation–temperature relationship of semi-rigid cruciform
flush endplate connections in the fire. Numerical models
can be classified as numerical simulation (NS) and nu-
merical design calculation (NDC) [18]. NS is an advanced
numerical model that may utilize the measured material
properties, geometrical imperfections, and residual stress-
es in order to fit the real mechanical behaviour of struc-
tural members. The numerical models mentioned in this
paragraph are good examples of NS. However, the gener-
ation of a validated NS is not a feasible method at the fire
design level due to the high computational cost. The
NDC uses design material models such as a bilinear mate-
rial curve with von Mises yield criterion, standard safety
factors, and a reduced number of finite elements and no-
des compared to NS. These simplifications may decrease
the computational effort and make the model more prac-
ticable at the design level. The component-based finite-
element method (CBFEM) model is a special type of
NDC to design steel connections at ambient and elevated
temperatures. Fig. 1 indicates the material model for steel
used in NS. Validation and verification are important
steps to ensure the accuracy and reliability of a finite-ele-
ment model. Der et al. [19–21] validated and verified the
CBFEM to predict bolted fire resistance and failure
modes of bolted lap joints, finplate connections, and T-
stubs at elevated temperatures.

This paper presents a CBFEM model to model the be-
haviour of flush endplate connections at elevated temper-
atures. The CBFEM is validated using the experimental

results, specifically focusing on load–rotation curves and
failure modes of tested connections. The verification
study is performed to analyse the reliability of the
CBFEM for steel connection design. To verify the model,
the T-stub specimen is created using the tested specimens
with the top bolt-row. The CBFEM results for the T-stub
are compared with the analytical model (AM) presented
in EN 1993-1-8 [10]. In the CBFEM model, the degrada-
tion of material properties for steel connection compo-
nents is considered using the reduction factors proposed
in EN 1993-1-2 [11]. The failure mode for steel plates
reaches 5% plastic limit strain recommended in
EN 1993-1-5 [22]. Parametric studies are conducted to an-
alyse the influence of different parameters such as the
plastic limit strain of steel, bolt elongation, and bolt diam-
eter on the mechanical response of flush endplate con-
nections at elevated temperatures.

2 Numerical calculation

Two numerical methods presented in the prEN 1993-1-14
[18] are NS and NDC. In this study, the flush endplate
connections are analysed by NDC using the CBFEM.

2.1 CBFEM

The CBFEM is a method to analyse and design connec-
tions of steel structures. It is a combination of the compo-
nent method and the FEM. The stresses, strains, and in-
ternal forces are calculated using the advantages of the
FEM to check the individual components according to
design specifications [10, 11, 22]. The CBFEM splits the
entire joint into separated components including steel
plates, welds, and bolts. The CBFEM model of steel con-
nections may consist of plates, bolts, anchors, and welds.
All plates are meshed with four-node quadrangle shell el-
ements. Deformations of the element are divided into the
membrane and the flexural components. Bolts are repre-
sented by nonlinear springs with their properties based
on design codes. The bolt in tension is described by the
spring with its axial initial stiffness, design resistance, ini-
tialization of yielding, and deformation capacity, as
shown in Fig. 2. The initial axial stiffness is derived ana-
lytically in the guideline VDI [23] and Agerskov [24] as
follows.

DLb ¼ Lsþ0:4db
EθAss

(1)

App ¼ 0:75DH Lw �DHð Þ
D2

W1 �D2
W2

(2)

AP1 ¼
π
4

D2
H �D2

W1

� �
(3)

AP2 ¼
1
2

D2
W2 �D2

H

� �
tan�1App (4)

AP ¼ AP1 þAP2 (5)
Fig. 1 Material model of structural steel in NDC model

B. Der, F. Wald, M. Vild: Numerical design calculation of flush endplate connections at elevated temperatures

2 Steel Construction 18 (2025)

Wiley VCH Mittwoch, 21.05.2025
2599 / 402980 [S. 2/13] 1

 18670539, 2025, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/stco.202400043 by B

rno U
niversity O

f T
echnology, W

iley O
nline L

ibrary on [18/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



	 Steel Construction 18 (2025), No. 2	 123

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.
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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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DLW ¼ LW

EθAP
(6)

k ¼ 1
DLB þDLW

(7)

where db is bolt diameter, DH is bolt head diameter, Dw1
and Dw2 are washer inner and outer diameter, LW is
washer thickness, Ls is bolt grip length, Ass is bolt gross
area, and E is the temperature-dependent modulus of
elasticity. The force–deformation diagram for bolts in
tension is constructed using the following equations.

kt ¼ c1k (8)

Ft;el ¼
Ft;Rd

c1c2 � c1þ1
(9)

uel ¼
Ft;el

k
(10)

ut;Rd ¼ c2uel (11)

c1 ¼
f ub;θ � f yb;θ

0:25 AEθ � f yb;θ
(12)

c2 ¼
AEθ
4f yb;θ

(13)

where Ft;Rd is the bolt design resistance in tension, f yb;θ is
the yield strength of a bolt, f ub;θ is the ultimate strength
of bolt, and A is elongation after fracture. Fig. 2 presents
the characteristics of bolt behaviour in shear. The initial
stiffness and the design resistance of a bolt in shear is de-
fined by the following formulae.

kel ¼
1

1
k11

þ 1
k12

(14)

k11 ¼
8d2bf ub;θ
dM16

(15)

k12¼ 12ktdbf up;θ (16)

kt ¼ 2:5;
1:5tmin
dM16

� �
(17)

ks ¼
kel
1000

(18)

where db is the bolt diameter, f ub;θ is the temperature-de-
pendent bolt ultimate strength, dM16 is the diameter of
the reference bolt M16, f up;θ is the temperature-depend-
ent ultimate strength of the connected plate, and tmin is
the minimum thickness of the connected plate. The spring
for bolt in shear has a bilinear force deformation behav-
iour response. The characteristics of load deformation in
shear can be calculated as follows.

Fv;el¼ 0:999Fv;Rd (19)

δpl ¼ δel (20)

where δpl and δel are bolt in shear plastic and elastic de-
formation, Fv;el is bolt shear elastic resistance, and Fv;Rd
is bolt shear resistance. The effect of temperature on the
elastic modulus, yield strength, and ultimate strength of
bolts and structural steel is represented by the reduction
factors proposed in EN 1993-1-2 [11]. Therefore, the tem-
perature-dependent parameters introduced in previous
equations are multiplied by the reduction factors at the
targeted temperature.

There are several parameters mentioned in the equations
above. The required parameters for building the force–
deformation behaviour of the bolts in tension and shear
are listed in Tab. 1. These design values are taken from
the ISO 898 [25]. These parameters depend on the bolt
grade.

Fig. 2 The load–deformation behaviour of bolts in tension (la) and in shear (rb)

Tab. 1 Bolt parameters in tension

Bolt grade A [%] c1 [�] c2 [�]

4.8 14 0.011 21.6

5.6 20 0.02 35

6.8 8 0.032 8.8

8.8 12 0.03 9.5

10.9 9 0.026 5
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In NS, the material properties from coupon tests are gen-
erally used to simulate the behaviour of steel connections.
However, the NDC models use simplified material curves
based on design specifications. The CBFEM models, the
plates, with elastic–plastic material shows a nominal
yielding plateau slope tan�1 (E/1000) according to
EN 1993-1-5 [22]. The von Mises yield criterion governs
the material‘s response under stress. It is considered to
exhibit elastic behaviour until it reaches the design yield
strength (f yd). EN 1993-1-5 recommends the value of a
5% plastic limit strain for simulating the behaviour of
plates. Fig. 3 indicates the theoretical true and engineer-
ing stress–strain curves and the material model utilized in
the CBFEM.

CBFEM employs the standard penalty method to simu-
late contact between plates. Penalty stiffness is intro-
duced in case of penetration between a node and the op-
posing plate. A heuristic algorithm governs the adjust-
ment of penalty stiffness throughout the nonlinear itera-
tion, enhancing convergence. The solver autonomously
identifies penetration points and addresses the distribu-
tion of contact forces between the penetrated node and
nodes on the opposing plate.

CBFEM is a method implemented within IDEA StatiCa
Connection [26] to model and analyse steel connections.
When analysing steel frames or girder structures, the
joints between members are treated as massless points.
Equilibrium equations are formulated at these joints, and
the internal forces at the beam ends are calculated after
solving the entire structure. The resultant of forces from
all members in the joint is 0, ensuring the joint remains
in equilibrium. IDEA StatiCa Connection [26] may con-
duct two types of analyses: geometrically linear analysis
with material and contact nonlinearities for stress and
strain analysis and eigenvalue analysis to determine the
possibility of buckling.

2.2 Failure modes

The CBFEM models each component of the connection,
plates, bolts, welds, and anchors, as individual elements,

capturing their interaction under applied loads. There
are mainly three potential failure modes: bolt failure,
weld failure, and plate failure. Bolt failure includes shear,
tension, and bearing. Interaction between the axial and
the shear force can be introduced directly in the analysis
model. In the CBFEM, the bolt with its behaviour in ten-
sion, shear, and bearing is the component described by
the dependent nonlinear springs. The CBFEM method
evaluates the applied loads on the bolts and compares
them with their capacities, calculated based on
EN 1993-1-2 [11] and EN 1993-1-8 [10]. If the applied
loads exceed the bolt capacities, the analysis cannot pro-
ceed.

Plate failure according to the CBFEM in IDEA StatiCa
Connection [26] is analysed as part of the connection de-
sign. The software calculates stresses (e.g., normal, shear)
and strains in the plate under various loading conditions.
Plate failure occurs when the stress in the plate exceeds
the yield strength of the material. The failure of the plate
is generally considered when the equivalent plastic strain
exceeds a certain threshold. The 5% limit is a suggested
value but can be modified by the user in the code setup
within IDEA StatiCa Connection.

2.3 Mesh sensitivity study

A mesh sensitivity study is a critical issue for finite-ele-
ment modelling. To assess the accuracy of the NDC and
optimize the computational cost, a mesh sensitivity study
is performed. The study shows that the coarse mesh pre-
dicts higher resistance than the fine mesh. Fig. 4 shows
the influence of the number of elements on the connec-
tion resistance. As the mesh becomes finer, the predicted
resistance converges to a stable resistance value. How-
ever, increasing the number of mesh elements leads to
higher computational costs. Therefore, the optimized ele-
ment number is selected as 30 to divide the plates in
CBFEM.

Fig. 3 Material models used in FEMs Fig. 4 Mesh sensitivity study
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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
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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-
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3 Verification

Verification is an essential step in finite-element model-
ling to ensure the reliability of the numerical results. The
proposed numerical model can be verified utilizing the
AMs or the validated numerical model according to
prEN 1993-1-14 [18]. Eurocode suggests that an equiva-
lent T-stub in tension may be used to model the resist-
ance of column flange in bending and endplate bending
in bolted connections. The EN 1993-1-8 [10] considers
the area of the endplate connection in tension as a T-
stub. There are three failure modes for the T-stub, as
shown in Fig. 5. In failure mode 1, the flanges completely
yield, failure mode 2 is the yielding of flanges accompa-
nied by failure of the bolts, and bolt failure is failure
mode 3.

The force at each bolt-row should not exceed the design
resistance determined considering only that individual
bolt-row. Therefore, the T-stub is cut from the test speci-
men using the top bolt-row. The geometrical dimensions
of the T-stub specimen and the assembly of the T-stub in
CBFEM are indicated in Fig. 6. The pitch distance refers
to the horizontal distance between the centre of bolt
holes and equals 90mm.

The tension strength of bolted T-stubs that failed by
flange yielding at elevated temperatures could be calcu-
lated as follows.

FT;1;Rd;θ ¼
4Mpl;1;Rd;θ

m
(21)

Mpl;1;Rd;θ ¼ 0:25
X

leff;1t
2
f f y;θ/M0 (22)

where M0 ¼ 1:0 is the partial factor provided by Euro-
code and f y;θ is the yield strength of the T-stub flange at

high temperature θ. Mpl;1;Rd;θ is the bending strength of
the T-stub flange at high temperature θ. leff;1 is the total
length of the yielding line of the T-stub. EN 1993-1-8 [10]
provides equations to calculate the tension strength of the
bolted T-stub fails by flange yielding accompanied by bolt
failure at ambient temperatures.

FT;2;Rd;θ ¼
2Mpl;2;Rd;θ þ n

P
Ft;Rd;θ

mþ n
(23)

Mpl;2;Rd;θ ¼ 0:25
X

leff;2t
2
f fy;θ/γM0 (24)

Ft;Rd;θ¼
k2fub;θAs

γM2
(25)

where e is the distance between the axis of the bolt hole
and the edge of the T-stub flange, leff is the total length
of the yielding line of T-stubs, f ub;θ is the ultimate tensile
strength of a bolt at high temperature θ (f ub;20kbθ),
Mpl;2;Rd;θ is the bending strength of the T-stub flange at
high temperature θ. As is the effective cross-section area
of a bolt, the coefficients γM2 ¼ 1:25 and k2 ¼ 0:9 are
provided by Eurocode.

leff;1;2 ¼ minðleff;cp; leff;np; leff;bpÞ (26)

leff;cp ¼ 2πm circular pattern (27)

leff;np¼ 4 mþ 1:25 n non-circular pattern (28)

leff;bp ¼ b beam pattern (29)

The tension strength of bolt failure at elevated tempera-
tures could be calculated by

FT;3;Rd;θ¼
X

Ft;Rd;θ (30)

Fig. 5 Failure modes for T-stubs

Fig. 6 Geometrical dimension and assembly of T-stub

B. Der, F. Wald, M. Vild: Numerical design calculation of flush endplate connections at elevated temperatures
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FT;Rd;θ¼minðFT;1;Rd;θ;FT;2;Rd;θ;FT;3;Rd;θÞ
γM2
γM;fi

(31)

where Ft;Rd;θ is the tension resistance of bolts at tempera-
ture θ and γM;fi is the partial safety factor for fire condi-
tions [=1.0]. Fig. 7 shows the comparison values for the
resistance of T-stubs calculated by the CBFEM model
and AM. Generally, the resistance from AM is higher
than the resistance from the CBFEM. The analysed T-
stub specimens were prepared based on the test speci-
mens loaded with 45°. The geometrical characteristics of
the verification study are explained in Section 4. The re-
sistance of the T-stubs was calculated at ambient temper-
ature, 450, 550, and 650 °C. Finally, the thickness of the T-
stub flange was changed from 10 to 8 and 15mm at
550 °C.

4 Validation

In order to understand the mechanical response of flush
endplate connections at high temperatures, the study of
Yu et al. [5] on bolted beam-to-column connections was
selected since several failure modes were observed. This
section presents the validation of the CBFEM model us-
ing experimental results based on the requirements de-
scribed by Wald et al. [27]. The CBFEM model is vali-
dated in terms of the load–deformation curves and failure
modes.

4.1 Test description

The connection consists of a UC254×89 column and a
UB305×165×40 beam. In all the tests, the steel column
and the steel beams were made of S355 and S275, respec-
tively. A typical endplate connection was designed with
three rows of bolts in accordance with UK design recom-
mendations [28]. The 325mm deep × 200mm width flush
endplates made of grade S275 were connected to the
beams with M20 Grade 8.8 bolts. The specimens were
tested under steady-state conditions. The characteristics
of test specimens are presented in Fig. 8. The plate thick-

ness used in tests varied from 8, 10, and 15mm. The load
is applied to the test specimens through a special connec-
tor with an angle described in Tab. 2. The test specimens
were loaded with three different angles 35°, 45°, and 55°
at room temperature, 450, 550, and 650 °C. The test speci-
mens used to validate the CBFEM model include three
rows of bolts, as shown in Fig. 8. At 20 and 450 °C, the
test specimens with three-bolt rows and 10mm plate
thickness failed due to the endplate fracture. At 550 and
650 °C, the bolt failure was observed with very ductile be-
haviour.

The nominal characteristics values of steel material prop-
erties are used to model the connections since the
CBFEM is an NDC model. The study aims to provide ac-
curate and safe results to structural fire engineers at the
design level. The values for bolts are taken from the
study [5]. Tab. 3 presents the material properties used in
the CBFEM models to simulate Sheffield’s test. The ma-
terial properties defined in the following table are elastic
modulus, yield strength, and ultimate strength for the
beam, column, plate, and bolt. At elevated temperatures,
these values are reduced by the reduction factors as
stated in EN 1993-1-2 [11].

4.2 Load–deformation curves

The CBFEM models are generated using the IDEA Stat-
iCa Connection [26] to simulate the behaviour of flush
endplate connections at elevated temperatures. In the nu-
merical model, the applied load is divided into its compo-
nents using trigonometric equations as normal and shear
force. In this section, Fig. 9–12 shows the comparison be-
tween the load–rotation curves obtained from the experi-
mental study (solid lines) and the CBFEM (dashed lines)Fig. 7 Comparison of T-stub resistances between the AM and the CBFEM

Fig. 8 The influence of the plastic limit strain at 450 °C

B. Der, F. Wald, M. Vild: Numerical design calculation of flush endplate connections at elevated temperatures
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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-
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for different load angles. It is seen that the CBFEM pre-
dicts the ultimate resistance smaller than the measured
ultimate resistance. For 35° and 45° loading angles, the
load–deformation curves are not plotted at ambient tem-
perature. Mostly, the CBFEM models developed load–
deformation curves up to 2°. The experimental studies in-
dicated that the increasing temperature leads to a signifi-
cant drop in the resistance. The load angle also affects
the connection resistance inversely at elevated tempera-
tures. In Fig. 9, the results from the test and the CBFEM
for the 35° loading angle are presented. At 35°, the load
capacity of the flush endplate connections is underesti-
mated by the CBFEM.

A comparison of the load–rotation response of the con-
nection loaded with 45° is shown in Fig. 10. The plot
displays two curves: one representing the experimental
results from test results and the other showing the predic-
tions from the CBFEM. It can be seen that the load–rota-
tion response curves of the connection agree well with
tests and the CBFEM model in the early stage. Further-

Tab. 2 Preferred image formats and resolutions

Test specimen Plate thickness [mm] Number of rows Temperature [°°C] Nominal load angle [°°]
Test 2 10 3 450 35

Test 3 10 3 550 35

Test 4 10 3 650 35

Test 6 10 3 450 45

Test 7 10 3 550 45

Test 8 10 3 650 45

Test 9 10 3 20 55

Test 10 10 3 450 55

Test 11 10 3 550 55

Test 12 10 3 650 55

Test 13 8 3 20 35

Test 14 8 3 550 35

Test 15 15 3 550 35

Tab. 3 Preferred image formats and resolutions

Parts Elastic
modulus
[MPa]

Yield
strength
[MPa]

Ultimate
Strength
[MPa]

Beams 210000 275 430

Columns 210000 355 490

Plates 210000 275 430

Bolts 206209 692 865

Fig. 9 The load–rotation graph, 35°

Fig. 10 The load–rotation graph, 45°

Fig. 11 The load–rotation graph, 55°

B. Der, F. Wald, M. Vild: Numerical design calculation of flush endplate connections at elevated temperatures
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more, there exists a strong correlation between the initial
stiffness derived from the CBFEM analysis and the re-
sults obtained through tests. The experimental results
show a slightly earlier yielding point compared to the
CBFEM predictions, reflecting a minor discrepancy in
the initial response under higher loads. The ultimate load
is very similar in both the experimental and numerical re-
sults, highlighting that the CBFEM model accurately pre-
dicts the maximum load the connection can withstand be-
fore failure.

The load–rotation behaviour of the tested connection,
calculated by the CBFEM, is shown in Fig. 11 for ambient
and elevated temperatures. It can be seen that there is a
good correlation for rotations up to 2° between test re-
sults and calculated load–rotation behaviour. Both the
experimental and CBFEM curves exhibit an initial linear
response with similar slopes, indicating comparable initial
stiffness. The yield point is well aligned between the
CBFEM model and the experimental results, which sug-
gests that the model effectively predicts the onset of
yielding in the connection when loaded at 55°.

Fig. 12 illustrates the comparison of the load–rotation re-
sponse of steel connections with varying endplate thick-
nesses at an elevated temperature of 550 °C. The stiffness
of the connection is influenced by the thickness of the
endplate. The CBFEM model closely follows the experi-
mental results in capturing both the elastic and post-elas-
tic behaviour of the connections. Increasing the thickness
of endplates enhances the resistance of flush endplate

connections; however, the ductility of the connections de-
creases.

CBFEM is a practical and design-oriented methodology
used to ensure the safety and compliance of steel connec-
tions with structural codes, such as the Eurocode, particu-
larly at elevated temperatures. While the results may not
fully capture the actual behaviour observed in tests, they
offer a robust framework for ensuring structural resil-
ience, emphasizing safety over precision.

4.3 Failure modes

Authors from the experimental study reported that the
test specimens with 10mm plate thickness failed due to
two failure modes [5]. Fracture of the endplate governs
the failure mode of testes specimens at ambient and
450 °C. However, the bolts in the top row also have signif-
icant deformation, but no fracture is observed at 450 °C,
as shown in Fig. 13. It can be seen that a small crack is de-
veloped during tests and the plastic strain on the beam
web near weld equals limit strain.

At 550 and 650 °C, the top two bolts were completely
fractured with high ductile behaviour and a moderate
bending deformation occurred in the endplate. Fig. 14 in-
dicates the endplate and bolts at 650 °C after failure and
plastic strain distribution on the test specimen obtained
from the CBFEM. As observed in the test, the CBFEM
measures only 0.3% plastic strain while the bolts in the
top row reach their ultimate capacity.

The flush endplate connections using the endplate thick-
ness of 8mm are tested at ambient temperature and
550 °C. At room temperature, the endplate deformation
leads to the failure of the test specimen. The bolts don’t
have significant deformation. Fig. 15 shows that the ob-
served deformations of the connection components were
followed by the CBFEM model at 550 °C. It can be ob-
served that the failure is controlled by the bolt fracture.
In CBFEM, the bolts at the top row reach 99.9% ca-
pacity. Severe bending cycles occurred in the endplate
and the plastic strain of the endplate equals 4.34% which
is close to the limit strain.

Tab. 4 lists the comparison of the failure modes from test
results and the CBFEM models. In the CBFEM, the 5%

Fig. 12 The load–rotation graphs of different thickness plates at 550 °C

Fig. 13 Deformed shape of the connection at 450 °C: a) test and b) CBFEM

B. Der, F. Wald, M. Vild: Numerical design calculation of flush endplate connections at elevated temperatures
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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.

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-
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plastic strain on the endplate means that failure occurs in
the endplate. Meanwhile, if the bolt capacity reaches
100% capacity before steel plates have 5% plastic strain,
the connection fails due to bolt failure. The capacity of
bolts is calculated using the equations for bolts in tension,
shear, and bearing according to Eurocode. As shown in
Tab. 4, the CBFEM models predicted the same failure
modes for all test specimens as observed during the ex-
perimental study. However, one notable exception was
observed in Test 10, where the failure mode differed be-
tween the CBFEM prediction and the experimental re-

sults. While the CBFEM model predicted a failure due to
100% bolt capacity, the experiment revealed plate frac-
ture as the actual failure mechanism. Although the load–
deformation curves indicated that the resistance is chang-
ing according to the loading angle, there is no influence
on the failure modes of flush endplate connections.

Fig. 16 compares resistance values obtained from
CBFEMs and experiments, with an R2 value of 0.9136.
This value indicates a good correlation between the
CBFEM predictions and the measured results. The

Fig. 14 Deformed shape of the connection at 650 °C: a) test and b) CBFEM

Fig. 15 Deformed shape of the connection with 8mm endplate at 550 °C: a) test and b) CBFEM

Tab. 4 Comparison of failure modes from the test [5] and the CBFEM model

Test specimen Test description Failure modes

Angle [°°] T [°°C] CBFEM Test

Test 2 35 450 5% plastic strain on end-plate Plate fracture

Test 3 35 550 100% bolt capacity Bolt fracture

Test 4 35 650 100% bolt capacity Bolt fracture

Test 6 45 450 5% plastic strain on end-plate Plate fracture

Test 7 45 550 100% bolt capacity Bolt fracture

Test 8 45 650 100% bolt capacity Bolt fracture

Test 9 55 20 5% plastic strain on end-plate Plate fracture

Test 10 55 450 100% bolt capacity Plate fracture

Test 11 55 550 100% bolt capacity Bolt fracture

Test 12 55 650 100% bolt capacity Bolt fracture

Test 13 35 20 5% plastic strain on end-plate Plate fracture

Test 14 35 550 100% bolt capacity Bolt fracture

Test 15 35 650 100% bolt capacity Bolt fracture
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RCBFEM/RTest ratio ranges from 0.5 (Test 13) to 0.99
(Test 10), indicating varying levels of agreement between
CBFEM predictions and experimental results. On aver-
age, the ratio is �0.81, meaning the CBFEM model gen-
erally underestimates resistance by about 19%.

5 Parametric studies

Parametric studies for finite-element models are per-
formed to investigate the sensitivity of the model and its
responses to variations in key parameters. The investi-
gated parameters are plastic limit strain, bolt elongation,
and bolt diameter. The specimens from Test 6 and Test 8
are selected for parametric studies since two different
failures were observed.

5.1 Effect of plastic limit strain

To investigate the influence of the plastic limit strain
which is recommended in EN 1993-1-5 [22] on the load–
rotation curves of flush endplate connections at 450 and
650 °C, the plastic limit strain varies from 5 to 15%. In-
creasing the plastic limit strain of steel plates does not
change the trend of the load–rotation curve; however,
the rotation capacity is increased from 2.26° to 3.7° at
450 °C as seen in Fig. 17. Fig. 18 illustrates the effect of
plastic limit strain on steel connections subjected to a
temperature of 650 °C. The 5% plastic limit strain leads
to higher resistance of steel connections; however, the
connection is not able to reach the rotational capacity as
obtained using 10 and 15% plastic limit strain. The use
of higher plastic limit strain in steel significantly enhances
the rotational capacity of steel connections, especially at
elevated temperatures such as 650 °C.

5.2 Effect of bolt elongation

ISO 898 [25] proposes the values of bolt elongation for
different bolt types at ambient temperature. The CBFEM
uses these values to prepare the load–deformation model

for bolts to model the bolted connection. Furthermore,
the test results showed that the bolt behaviour is highly
ductile at elevated temperatures. Therefore, the influence
of bolt elongation on the mechanical response of the
tested connections is analysed by varying the bolt elonga-
tion from 12% to 20%. The results of the CBFEM in
terms of load–rotation curves for each value of the bolt
elongation are depicted in Figs. 19 and 20. Fig. 19 shows
that the bolt elongation does not have a significant effect
on the connection behaviour if the connections fail due to
the plate fracture. While the bolt elongation is increased,
the resistance of the connection is decreased with higher
rotation capacity. As the bolt elongation increases, the

Fig. 16 Comparison of resistance predicted by the CBFEM model and experi-
mentally measured resistance

Fig. 17 The influence of the plastic limit strain at 450 °C

Fig. 18 The influence of the plastic limit strain at 650 °C

Fig. 19 The influence of the bolt elongation at 450 °C
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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.

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

connection‘s resistance is reduced, accompanied by an
enhanced rotation capacity, as depicted in Fig. 20.

5.3 Effect of bolt diameter

Clearly, the bolt diameter also plays an important role in
the behaviour of the analysed connections at elevated
temperatures. In fact, the increase in the bolt diameter re-
sults in a progressive increase in the connection resist-
ance. Conversely, the decrease in the bolt diameter leads

to an increase in the connection rotation capacity at 450
and 650 °C, as shown in Figs. 21 and 22.

6 Conclusions

The CBFEM model was generated to develop NDC for
flush endplate connections at elevated temperatures. The
CBFEM model is validated based on test results from lit-
erature and is verified against Eurocode design specifica-
tions. Then, the parametric studies were employed to as-
sess the influence of key parameters on the behaviour of
flush endplate connections at elevated temperatures.

The experimental and numerical plots demonstrated that
the NDC models may predict the bolted connection be-
haviour at both ambient and elevated temperatures. It
was also observed that, with only one exception, the con-
nections both in the CBFEM models and in the experi-
ments failed by the same failure modes. The characteris-
tics of load–rotation curves, developed by the CBFEM,
are relatively in good agreement with measured test data.
Since the goal is safe design rather than precise model-
ling, CBFEM often yields conservative predictions com-
pared to experimental test results. This approach ensures
that connections are designed to deal with fire severity
aligning with established standards. The CBFEM model
was verified by comparing the resistance of the T-stub
specimens calculated from Eurocode equations. The co-
efficient of determination was evaluated as 0.95. It can
be concluded that the CBFEM is a reliable method to de-
sign bolted connections compared to AM. The paramet-
ric study investigated the effect of three parameters on
the load–deformation curves. The results stated that the
most effective parameter on the behaviour of flush end-
plate connections at elevated temperatures was the bolt
diameter. The primary conclusions from this research are
as follows.

– The developed CBFEM model is able to evaluate the
mechanical response of flush endplate connections
subjected to different loading conditions at elevated
temperatures.

– Since the CBFEM provided smaller resistance values
than test results and predicted the same failure mode
as observed in tests, it may be utilized as a design tool
for structural fire engineers.

– The verification study highlighted that the CBFEM is a
reliable model for designing bolted connections at ele-
vated temperatures.

– The recommended 5% plastic limit strain for steel
plates can be also used for the fire design of steel con-
nections.

In future studies, the effects of temperature variations
within connection components will be investigated to
simulate more realistic scenarios compared to the theo-
retical approach. These temperature differences can sig-
nificantly influence the capacity of steel connections
under elevated temperature conditions.

Fig. 20 The influence of the bolt elongation at 650 °C

Fig. 21 The influence of the bolt diameter at 450 °C

Fig. 22 The influence of the bolt diameter at 650 °C
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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.

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-
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