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Effect of strain hardening on the rotation capacity of welded I-section high-strength
steel beams
Wei Jun Wong and Carey L. Walters

Department of Maritime and Transport Technology, Delft University of Technology, Delft, The Netherlands

ABSTRACT
High-strength steel beams are known to have less plastic rotation capacity than beams with lower yield
strengths. This has been related to the decreased strain-hardening ability of high-strength steels, and
various rules and standards for steel structures stipulate maximum limits on the allowable yield-to-tensile
strength ratio (sy/su), which indirectly acts as a measure of strain hardening. While the literature
suggests that there is an interdependence between strain hardening ability, yield strength, cross-
sectional slenderness and rotation capacity, the presently prescribed limits on sy/su (e.g. 0.91, 0.94, 0.95)
are typically constant for a given material regardless of the other parameters mentioned. This
computational study hence investigates how the rotation capacity is simultaneously dependent on yield
strength, strain hardening ability and cross-sectional slenderness, and how each parameter affects the
relationship between the others. The results show that, with the geometrical aspect kept constant
through the use of normalised slenderness parameters, a higher yield strength leads to higher rotation
capacity for a given sy/su, while the well-known decrease of rotation capacity with higher sy/su is
confirmed. This suggests the possibility of more efficient use of high-strength steels with high sy/su
when the interdependence of all the variables are accounted for. The results also suggest the importance
of accounting for the relative slendernesses of the web and the flange and whether the buckling
behaviour is web- or flange-dominated, since a switch between a web- and flange- dominated buckling
response could lead to a reverse in the trend between the rotation capacity and the overall cross-
sectional slenderness.
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Nomenclature

a Weld throat size
B Flange width
E Young’s modulus
e Euler’s number
G Shear modulus
H Beam depth
h Web depth
Iw Warping stiffness
Iz Second moment of area about the minor axis
J Torsion constant
K Strength coefficient of the Hollomon power law
L Modelled length of the beam
Lin Length between the two loading points in 4-point-bending
Lout Length between a support and the closest loading point
M Moment of resistance
Mcr Critical linear elastic buckling moment from linear bifurcation

analysis
Mcr,LT Critical linear elastic lateral-torsional buckling moment
Mel Moment at first yielding
Mpl Fully-plastic bending moment
n Strain hardening exponent of the Hollomon power law
s Weld leg length
tf Flange thickness
tw Web thickness
u Magnitude of displacement
ux,y,z Displacement along x-, y- and z-axis respectively
ɛ Yield stress scaling parameter
1y Engineering yield strain
1t True strain

θ Cross-sectional rotation
u4,end 4-point-bending end-rotation predicted by the pure-bending model
uel Cross-sectional rotation corresponding to Mel
uFE Total rotation from end-to-end of the pure-bending finite element

model
u pl Cross-sectional rotation corresponding to Mpl and assumed linear

material behaviour
urot Cross-sectional rotation when M falls below Mpl
ux,y,z Rotation about x-, y- and z-axis respectively
κ Curvature
k pl Curvature corresponding to Mpl and assumed linear material

behavior
lf Flange slenderness
lLT Lateral-torsional buckling slenderness
lp Overall cross-section slenderness
lw Web slenderness
st True stress
su Ultimate tensile stress
sy Yield stress

1. Introduction

High-strength steels are increasingly used in the construction of
ship and offshore structures due to their potential for reducing
the weight and size of structural elements. However, such steels
are known to have lower ductility, smaller reserve strength after
yielding and reduced strain hardening ability relative to conven-
tional lower-strength mild steels (Bannister and Trail 1996). They
are also associated with a higher tendency to localise around stress
concentrations (Obers et al. 2022). A description of the influence of
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the hardening capacity (frequently indicated by the yield-to-tensile
strength ratio sy/su) on four failure modes can be found in Wong
and Walters (2021). Risks of these failure modes remain a concern
in the application of high-strength steels, and to account for this,
various offshore, maritime and civil engineering rules, standards
and specifications for steel structures stipulate requirements based
on the sy/su ratio (Appendix) and the fracture elongation. Specifi-
cally, European norms for the design of steel structures impose
upper bounds of 0.91 (CEN 2005, 2020) and 0.95 (CEN 2007,
2020). A similar value of 0.94 is stipulated in the rules for the cer-
tification of high-strength shipbuilding and offshore steels by
classification societies (DNV 2021b, 2021c; LR 2022b).

Given the aforementioned benefits of using high-strength steels,
efforts have been made to find improved rules to account for duct-
ility, so that higher-strength steels might be used with confidence.
For example, recommendations on the acceptable sy/su ratio in
structures have been given based on considerations of the tough-
ness, strength and deformation capacity of pressure vessels and
pipelines (Bannister and Trail 1996), tubular joints (Billingham
et al. 1997) and ties containing cross-sectional area reductions
(Dhalla and Winter 1974; Sedlacek et al. 2008; Feldmann and
Schaffrath 2017; Feldmann et al. 2020). However, the aforemen-
tioned limits of 0.91 (CEN 2005, 2020) and 0.95 (CEN 2007,
2020) correspond to recommendations which arise from the con-
sideration of the rotation capacity at plastic hinges for steels with
high sy and sy/su ratios (Steenbergen et al. 1996; Feldmann and
Schaffrath 2017; Pavlovic and Veljkovic 2017).

Although the dependence of the rotation capacity on sy/su has
been further evidenced by the work of several researchers on the
topic (Kato 1990; Gioncu and Mazzolani 2002; Lee et al. 2013;
Schillo and Feldmann 2017, 2018; Shi and Xu 2019), the relation-
ship between sy/su and the rotation capacity has yet to be quan-
tified and explained definitively. The sy/su limit of 0.91
prescribed in the latest draft of EN 1993-1-1 (CEN 2020) for the
design by global plastic analysis agrees with Steenbergen et al.’s
(1996) recommendation, which is derived from a cross-sectional
treatment of classic beam mechanics and then-codified limits on
the strain at uniform elongation (NEN 1990). However, this treat-
ment neglected the role of plastic local buckling, which is a strong
determinant of the ultimate failure behaviour of the hinge (Gioncu
and Petcu 1997). Recent attempts have been made to determine the
sy/su limit appropriate for high-strength steel grades up to S960
based on experimentally-validated finite-element parametric
studies considering buckling effects (Pavlovic and Veljkovic
2017), which resulted in recommendations for more stringent
sy/su limits by the authors, but these analyses were specific to hol-
low-section beams.

Furthermore, the context of the existing research (Ricles et al.
1998; Pavlovic and Veljkovic 2017) is a framework which makes
use of broad, discrete cross-sectional classes to differentiate
between levels of beam deformation capacity, such that the
required sy/su limit was investigated with particular focus on
its relation to the separate flange and web slenderness ratios
required to achieve a minimum rotation capacity. This separate
classification of flange and web neglects the interactive effect
between the constituent plates, and the approach of specifying a
minimum rotation capacity corresponding to a broad, discrete
definition of a ductility class is not conducive for describing the
full continuous relationship between sy/su and rotation
capacities. Recent developments in the design of steel beam-col-
umns have seen the use of a strain-based framework capable of
estimating the strengths and deformation capacity of stocky
cross-sections above the fully-plastic bending moment Mpl based
on regression analysis of critical buckling strains dependent on

overall cross-sectional slenderness derived from finite element
and experimental data (Gardner 2008; Lan et al. 2019), but these
critical buckling strains themselves were not analysed for their
dependence on the strain-hardening behaviour. To explore the
limits of acceptable sy/su ratios dependent on both the strain
hardening and overall cross-sectional slenderness, this compu-
tational study investigates how the rotation capacity varies simul-
taneously with the yield strength sy, the sy/su ratio which is used
to characterise strain hardening (Section 3), and the overall cross-
section slenderness lp, which accounts for relative web and flange
slendernesses.

This study employs parametric finite element analyses of the
bending of stocky I-section beams with varying material proper-
ties and geometries to describe the relationship between varying
yield strengths, strain-hardening behaviours, and achievable
rotation capacities in welded high-strength steel I-section
beams. This structural form is chosen for its relevance consider-
ing the commonly applied method of analysing strips of plate-
stiffener combinations in ship grillages as I-sections beams
(Daley 2002; Hughes and Paik 2010) as well as its widespread
use in civil engineering structures. The parametric investigation
focuses on cross sections in the stocky range, i.e. cross sections
with overall cross-sectional slenderness lp , 0.51 (Chen et al.
2022), because this is the range in which plasticity and strain
hardening is expected to occur. Naturally, the dependence of
the plastic local buckling behaviour on the web and flange slen-
dernesses is also considered. Using the results of the parametric
study, the sy/su requirement of 0.94 by the classification societies
(DNV 2021c; LR 2022b) is assessed together with the slenderness
requirements of the IACS UR I Requirements concerning Polar
Class (IACS 2019).

2. Rotation capacity and rotation requirements of
plastic hinges

In the plastic design of structures, the ultimate strength of a struc-
ture is calculated based on the complete formation of a plastic col-
lapse mechanism which results from a sequential formation of
plastic hinges, so the rotation capacity R of a plastic hinge must
be large enough so that the plastic hinge can maintain its strength
until the complete collapse mechanism is formed. The rotation
capacity R is defined as:

R = urot
u pl

− 1 (1)

where urot is the rotation at which the moment resistance drops
below the full-plastic bending moment Mpl, which is calculated
based on a perfectly-plastic, fully yielded cross-section in bending,
and u pl is the beam rotation corresponding to the Mpl based on
ideal linearized behaviour (Figure 1).

The minimum required value for R depends on the structural
and configuration, such as the number and length of the spans
and the loading distribution on the different spans (Kuhlmann
1989). Although different values have also been suggested for
specific cases (Korol and Hudoba 1972; Kemp 1984; Kuhlmann
1989), the general consensus in the literature is that an overall R
requirement of 3 is sufficient for typical configurations encountered
in building structures such as continuous beams and frames of typi-
cal proportions and loading (Yura et al. 1978; Stranghöner et al.
1994), and this was the value adopted for the structural steel code
EN 1993-1-1 (Sedlacek and Feldmann 1995) and ANSI/AISC
360-16 (AISC 2016).
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In the maritime industry, hull framings and grillages subject to
lateral loading by ice (Daley 2002; IACS 2019), impacts (Zhu et al.
2018), and blasts (Yuan and Tan 2019) are also designed plastically
and hence require sufficient structural ductility in the plastic range.
In particular, plastic framing design concepts similar to that used in
the civil structural industry are used for the design of hull grillages
against ice loads (Daley 2002; IACS 2019). Similarly, limits are sti-
pulated on the plate slenderness (IACS 2019) and the sy/su ratio
(DNV 2021c; LR 2022b). The authors are not aware of research
on the rotation requirements specific to hull grillages. However,
since the plate-stiffener combination in a hull grillage designed
against lateral loading can be seen as a beam spanning over trans-
verse girders (Hughes and Paik 2010), the rotation requirement of 3
applicable in general to multi-span continuous beam would be a
reasonable value to adopt for the framing of hull grillages.

Accordingly, in assessing the current limits on sy/su, lf , and lw
in the classification society rules and UR I (IACS 2019), this paper
adopts the minimum rotation requirement of 3. Nonetheless, the
main focus of this paper is the slenderness- and strain-hardening-
dependent rotation capacity rather than the rotation requirement,
and the parametric studies shed light on the range of achievable
rotation capacities and its influencing parameters regardless of
rotation requirements.

3. The effect of the strain hardening ability on plastic
local buckling and hinge rotation capacity

The primary failure mode that limits the strength and rotation
capacity of plastic bending hinges is plastic local buckling that occurs
after yielding develops over the cross section. Lateral-torsional buck-
ling of the entire beam is excluded here, since the standard practice
required by structural steel codes (CEN 2005; IACS 2019) is to elim-
inate lateral torsional buckling by either ensuring sufficient lateral
restraint or limiting the unbraced length at the plastic hinges. In
some situations, the rotation capacity could be limited by fracture
on the tensile flange prior to local buckling due to stress concen-
trations due to the welding of web stiffeners; however, this should

be prevented in practice by appropriate welding and detailing prac-
tice (Lee et al. 2013). This paper hence focuses on the failure mech-
anism of plastic local buckling in unstiffened plastic hinges
sufficiently designed against lateral torsional buckling.

Several attempts have been made to provide a physical
explanation for the decreased rotation capacity of high strength
steels which have high sy/su ratios. Shi and Xu (2019) and Schillo
and Feldmann (2017) related this to the absence of the yield pla-
teau in the stress-strain behaviour of high-strength steels, which
in conventional mild steels causes a ‘jump’ to larger strains and
curvatures at the same level of loading. This can however only
be a partial explanation, since it has been shown by Pavlovic
and Veljkovic (2017) that even when comparing materials that
all have rounded stress-strain curves, a higher sy/su results in
reduced rotation capacity. Steenbergen et al. (1996) related the
reduction in the rotation capacity to the reduction in the plastic
hinge length (the length over which yield has occurred) which
accompanies higher sy/su ratios, assuming first order beam kin-
ematics and a specified failure strain criterion. This can once
again only be a partial explanation, because it considers only
pre-buckling behaviour, ignoring the crucial geometrically non-
linear buckling mechanism which causes post-buckling drop-off
in the moment resistance.

The most convincing proposition on what determines this behav-
iour is given by Kato (1965) and Schillo and Feldmann (2018), who
identified the strain-hardening behaviour as an important factor in
determining the rotation capacity of plastic hinges, although they
neglected to quantify the relation between strain hardening and the
rotation capacity. Nonetheless, Zhu and Leis (2005) showed that
the sy/su can be seen as a measure of the strain-hardening behav-
iour giving an overall measure of the slope and shape of the plastic
stress-strain behaviour. By considering the uniaxial tensile test,
assuming a Hollomon power curve (Equation (2)) which passes
through the yield point for the plastic stress-strain behaviour, and
applying Considère’s 1885 necking instability criterion, they related
the sy/su ratio and the strain hardening exponent n of the Hollo-
mon law, as shown in Equation (3). The significance of this is that
the sy/su ratio, despite being a ratio of two stresses and seemingly
not related to strains, directly relates to the overall strain hardening
behaviour of the assumed material law.

st = K1t
n (2)

sy

su
= 1

1+ 1y

e ln (1+ 1y)

n

( )n

(3)

wherest is the true stress; 1t is the true strain;K is the strength coeffi-
cient; and n is the strain hardening exponent 1y is the engineering
strain at yield; and e is Euler’s number. Since high-strength steels
are the focus on this research, a power-law true stress-strain curve
acts as a reasonable and common choice (Bai and Wierzbicki 2010;
Feldmann and Schaffrath 2017) for the true-stress strain curve.

In view of this, as few as two ubiquitously used parameters are
sufficient to describe idealised true plastic stress-strain curves with a
range of strain-hardening behaviour: the yield strength sy and the
sy/su ratio. The following analyses hence use the material definition
as given by Equation (4) combined with Equation (3), which is fully
defined given a combination of sy and sy/su. This enables the use
of sy/su, in the computational study in this paper both as a strain
hardening measure and as a direct variable input parameter whose
effect on the model response behaviour is to be studied.

st = E1t for 1t ≤ 1y
K1tn for 1t . 1y

{
(4)

Figure 1. Rotation capacity (with deformation due to the application of uniform
moment as example). (This figure is available in colour online.)
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4. Finite element model used for the parametric study

The welded I-section beam was modelled using 4-noded, reduced-
integration, finite-strain shell elements (S4R) capable of capturing
thick-shell behaviour and transverse shear deformation in Abaqus
(DS Simulia 2019). The flanges were assigned with an appropriate
offset in Abaqus so that the web was attached to the surface rather
than the midsection of the flange shell elements in the finite element
calculations.

To study the behaviour of the plastic hinge localisation indepen-
dently from length-dependent moment gradient and global buck-
ling effects, the beams in this study were loaded with a uniform
moment along the length (pre-buckling) and modelled such that
the non-dimensional lateral-torsional-buckling slenderness
(Equation (5)) lLT was equal to 0.1. The parameter lLT is

lLT = Mel

Mcr,LT
(5)

where Mel is the moment at first yielding in the cross-section, and
Mcr,LT is the elastic critical buckling load, for which an exact sol-
ution exists for a beam loaded subject to a uniform moment, as is
given by Equation (6) (Bažant and Cedolin 2010):

Mcr,LT = p

L

�������
EIzGJ

√ ������������
1+ p2

L2
EIw
GJ

√
(6)

where L is the length of the beam; E is the Young’s modulus; Iz is the
second moment of area about the minor axis; G is the shear mod-
ulus; Iw is the warping stiffness; and J is the torsion constant.

The value of lLT was arrived at by considering the threshold of
lLT , 0.4 required to avoid lateral-torsional buckling (Trahair
et al. 2008), the reduction of computational time achieved by ana-
lysing shorter beams, and the need to model a sufficient length such
that the boundary conditions at the beam ends do not interfere with
the buckling localisation in the plastic hinge. The constant lLT was
achieved for different cross-sectional geometries by adjusting the
length L of the model accordingly, which is found by substituting
Equation (6) into (5) and solving for L.

To provide a uniform moment (pre-buckling), the beams were
fully fixed at one end, and all the degrees of freedom of the nodes
at the other end were kinematically coupled to a reference point
on the same face, to which a rotation was applied to create major
axis bending (Figure 2). The reference point was allowed to displace
perpendicular to the major axis and longitudinally, but not in the
direction perpendicular to the minor axis. Rotations of the refer-
ence point around the other two axes were also prevented.

The analyses are performed in displacement (rotation) control
using Abaqus’s general static solver, with automatic stabilisation to

aid convergence in the unstable post-buckling range, as shown in
Pavlovic and Veljkovic (2017). The dissipated energy fraction was
specified as 0.0001, and the viscous damping energy was checked
to be no more than 2% of the total internal energy. The through-
thickness integration was performed using Simpson’s rule with 25
through-thickness integration points, so that the post-buckling
behaviour could be captured by the S4R elements even for the geo-
metries with thicker walls, as shown by Sadowski and Rotter (2013).

4.1. Geometrical imperfections

Geometrical imperfections arising from the manufacturing and
assembly of the welded I-section were accounted for in a conserva-
tive manner by applying an initial deformation in the shape of the
elastic critical buckling mode obtained from a linear bifurcation
analysis (LBA) performed using Abaqus. The buckling mode was
given an amplitude equal to the assumed imperfection size, which
was taken as 80% of the manufacturing tolerance, as recommended
by EN 1993-1-5 (CEN 2006). The manufacturing tolerances of EN
1090-2 (CEN 2018) given for the flanges and webs of welded
profiles were used, which are a B/100 out-of-squareness for the
flange tip, and a h/100 out-of-plane deviation for the web, where
B is the flange width and h is the depth of the web. When the
peak of the buckled shape arose in the flange, the buckling mode
was scaled by an imperfection size equal to 0.8B/100, and when
the peak of the buckled shape arose in the web, the buckling
mode was scaled by an imperfection equal to 0.8h/100.

4.2. Residual stresses from welding

The residual stress distribution (Figure 3) proposed by Schaper
et al. (2022) for thermal-cut welded I-sections was introduced in
the model. This distribution is based on studies on a range of steels
including high strength steels up to grade S690 and accounts for the
non-proportional relationship between the magnitude of the
residual stresses and the yield strength. Furthermore, it accounts
for the tensile stresses existing at the flange tips in thermal cut sec-
tions, which simultaneously causes higher compressive stresses in
the flanges due to equilibrium conditions, affecting the buckling
behaviour. In determining the size of the area (given by
min {tw + 5a, B/5}) over the web-flange junction at which tensile
residual stresses occur, the weld throat size a was taken to be
a = ��

2
√

s/2 = 0.53tw, based on the typical conservative weld leg
length of s = 0.75tw used for full-strength double-sided fillet
welds (Blodgett 1963). However, the geometry of the weld was
not included in the finite element model because it has a relatively
small influence (Kucukler and Gardner 2021).

The residual stress distribution is nominally in equilibrium with
itself. It was included in the model by introducing the predefined
stress distribution throughout the beam (Figure 4) in the initial
step of the analysis. This step is followed by a load-free static step
to allow small stress imbalances caused by numerical inaccuracies
and by the imposed geometrical imperfection to equilibrate, before
any loading is applied.

4.3. Finite element model validation

The moment-rotation behaviour predicted by the finite element
model is compared against that which is observed in experiments
in the literature to validate the model’s applicability. Four-point
bending experiments on stocky high-strength welded I-section
steel beams found in Green et al. (2002), Lee et al. (2013) and
Yang et al. (2021) were considered. The experiments used for vali-
dation thus have high-strength steel grades (HSLA-80, HSA800 and

Figure 2. Boundary conditions and applied rotation. (This figure is available in col-
our online.)

4 W. J. WONG AND C. L. WALTERS



Q690) and slendernesses (lf , 10.11; lw , 721 CEN 2005) which
fall within the scope of the study.

The finite element model, which is subject to global bending
through the application of an end rotation, is used to simulate
the region between the two load application points in the four-
point bending experiment, which likewise experiences a uniform
moment over the length before buckling occurs. Appropriate

boundary conditions are added along the length of the finite
element model to match lateral restraints applied in the experimen-
tal setup. A similar strategy has been successfully applied by Chen
et al. (2022).

Since the experimental results were reported in terms of beam-
end rotations of the 4-point bending setup while the finite element
model only gives the rotations of the portion of the beam initially
subjected to uniform moments, expected 4-point-bending beam-
end rotations corresponding to the pure-bending model’s end
rotations were found using beam theory and the superimposition
of the assumed-elastic response outside the pure bending region,
as given by Equation (7).

u4,end
u pl

= uFE + Lout
Lin

min (uFE, u pl)

Loutkpl + Linkpl
(7)

where u4,end is the 4-point-bending end-rotation predicted by the pure-
bending model; uFE is the rotation at the rotated end of the pure bend-
ing model (while the other end is clamped in a horizontal position); Lin
is the length between the two loading points; and Lout is the length
between a support and the closest loading point. This results in pre-
dicted 4-point-bending beam-end rotations which are then plotted
against the experimental 4-point-bending beam-end rotations.

To describe the material model in the finite element simulations,
the engineering stress-strain curves reported by the authors of the
experimental work were converted to true stress-strain values up
to the ultimate tensile stress, followed by an extrapolation using
the power curve as given in Section 3, with the exception of the
experiment by Green et al. (2002) for which the full experimental
stress-strain curve was not reported. In that case, Equations (2) to
(4) were used to construct the true stress-strain curve, as described
in Section 3.

Geometrical imperfections and residual stresses were included
using the methods described above in Sections 4.1 and 4.2, while
adopting the imperfection amplitude and yield stresses correspond-
ing to the experiments, with the exception of the unreported imper-
fection amplitudes for the experiments by Lee et al. (2013) and Green
et al. (2002). In those cases, estimates based on Eurocode recommen-
dations (CEN 2006, 2018) as described in Section 4.1 were used.

The comparison in Figures 5–7 shows that the finite element
models can simulate the moment-rotation behaviour observed in
the experiments reasonably well.

Figure 3. Assumed residual stress distribution (Schaper et al. 2022). (This figure is
available in colour online.)

Figure 4. Introduction of membrane residual stresses in flange (top) and in web
(bottom) in Abaqus for sy = 890MPa. (This figure is available in colour online.)

Figure 5. Simulation of experiment from Green et al. (2002). (This figure is available
in colour online.)
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It can be seen from Figures 5 and 6 that both the experimental
curves by Green et al. (2002) and Lee et al. (2013) were captured
very well in shape and reasonably well quantitatively. For Specimen
7 by Green et al. (2002), the model predicted the same maximum
M/Mpl as observed in the experiment (within 0.02%) and overesti-
mated the R by 11.9%. For test HSA800-C-LP-4-PHS by Lee et al.
(2013), the model underestimated the maximum M/Mpl by 3.1%
and overestimated the R by 15.3%.

The simulation of the experiments Y13-4 and Y15-4 (Figure 7)
by Yang et al. (2021) also captured the maximum M/Mpl relatively
well, overestimating it by 12.6% and 5.0% respectively. The predic-
tion of the R showed greater deviations for these experiments, Y13-
4 underestimating R by as much as 49.6% and Y15-4 not achieving
any R at all. This is related to the definition of R, which being based
on the exceedance of Mpl, is sensitive to changes in the maximum
M/Mpl even if the post-buckling curve and decay do not change.

Figure 7. Simulation of experiments from Yang et al. (2021). (This figure is available
in colour online.)

Figure 6. Simulation of experiment from Lee et al. (2013). (This figure is available in
colour online.)

Table 1. Range of geometrical and material properties of the beams modelled in the parametric study.

Series tf [mm] tw [mm] B [mm] H [mm] H/B sy [MPa] sy/su lf lw lp
1 20.0 17.6 200.0 400.0 2.0 [460, 960] [0.80, 0.99] [6.41, 9.21] [28.61, 41.31] [0.30, 0.42]
2 20.0 17.6 [153.0, 279.1] 450.8 [1.8, 2.9] 690 [0.80, 0.99] [5.81, 11.21] 40.01 [0.30, 0.46]
3 20.0 17.6 [149.6, 247.8] 401.8 [1.8, 2.7] 890 [0.80, 0.99] [6.41, 11.21] 40.01 [0.33, 0.45]
4 20.0 17.6 [217.5, 306.4] [388.3, 543.2] 1.8 [460, 960] [0.78, 0.99] 10.11 40.01 [0.38, 0.46]
5 15.0 11.0 220.0 400.0 1.8 [460, 960] [0.80, 0.99] [9.71, 14.11] [47.11, 68.01] [0.46, 0.65]
6 12.0 11.0 220.0 400.0 1.8 [460, 960] [0.80, 0.99] [12.21, 17.61] [47.81, 69.11] [0.54, 0.77]
7 12.0 11.0 152.5 [280.0, 480.0] [1.8, 3.1] 690 [0.80, 0.99] 10.11 [39.91, 71.01] [0.48, 0.56]
8 12.0 11.0 135.6 [250.1, 431.0] [1.8, 3.2] 890 [0.80, 0.99] 10.11 [40.01, 72.01] [0.52, 0.60]
9 12.0 11.0 [130.9, 184.3] [309.7, 436.8] 2.4 [460, 960] [0.78, 0.99] 10.11 52.51 [0.45, 0.56]

Figure 8. Relationship between sy/su and sy . (This figure is available in colour
online.)

Figure 9. Plot of sy/su against n (Equation (3)) for different sy . (This figure is avail-
able in colour online.)
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However, these deviations in R were both underestimations by the
model, acting on the conservative side. (Experiment Y11-4 by Yang
et al. (2021) was not used for validation although it was stocky and
tested in 4-point bending because it had a different lateral bracing
system than all the other experiments modelled here and demon-
strated very low R due to global buckling effects.)

The finite element modeling method has not been validated
against other tests in Green et al. (2002), Lee et al. (2013) and
Yang et al. (2021) because they either did not involve 4-point-bend-
ing setups or their slenderness fell out of the range of interest. It
should hence be noted that the validation is limited to the scope

described above, beyond which the results of this study should
not be extrapolated.

5. Parametric studies

The finite element model was used to perform a series of imperfec-
tion-included geometrically and materially nonlinear analyses
(GMNIA) of beams with varying geometries and material proper-
ties. 378 beams with varying yield strength sy, sy/su ratio, width
B, depth H, flange thickness tf and web thickness tw, were analysed,
as summarised in Table 1. The model length L was correspondingly
adjusted to maintain a constant lateral-torsional buckling slender-
ness lLT , as explained in Section 4.

5.1. Range of material properties in the parametric study

Figure 8 shows the relationship between sy and sy/su as seen from
existing tests from Bannister (1999), together with empirical
relationships proposed by different researchers (Fukumoto 1996;
Langenberg et al. 2000; Gardner and Yun 2018) based on other
test databases. The experiments of Bannister (1999) involve steels

Figure 10. R against sy/su and sy . (This figure is available in colour online.)

Figure 11. Buckling modes as seen from the top. (a) Symmetric buckling mode and
(b) Asymmetric buckling mode. (This figure is available in colour online.)

Figure 12. Linear elastic buckling mode shapes. (a) Odd number of LBA half wave-
lengths and (b) Even number of LBA half wavelengths. (This figure is available in
colour online.)
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that are available for different industries, including the ship and
offshore industry. Paik et al. (2017) tested several steels relevant
to ships and offshore structures including steel grades A, D,
AH32, DH32 and DH36, which would fall into the low-strength
portion of this data cloud. The main focus of the current work
concerns higher-strength steels, which are higher than most steels
used in current practice in the maritime industry but well estab-
lished in the offshore industry. These steels would fall into the
higher strength region of the data cloud in Figure 8. This choice
was made in order to focus on realistic steels with high sy/su

values.

The yield strength sy in the parametric study was hence varied
assuming values of 460, 550, 690, 790, 890 and 960MPa, and the
sy/su ratio was varied assuming values of 0.80, 0.84, 0.89, 0.94
and 0.99, with additional analysis points between these values
when interpolating to make comparisons against the rules in
UR I (IACS 2019). These ranges are common for high-strength
steels, as seen in Figure 8. The generic stress-strain relationship
that is given by the combination of Equations (3) and (4) and
defined by the yield strength sy and the sy/su ratio (which
also directly acts as a strain hardening parameter) was utilised
for this purpose.

Figure 13. R against sy/su and lp. (This figure is available in colour online.)

Figure 14. R against lp for sy/su = 0.8; 0.89 and 0.99. (This figure is available in colour online.)
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5.2. Range of geometrical properties in the parametric
study

The ranges of the parameters B, H, tf , tw, were chosen such that the
flange slenderness lf , web slenderness lw, overall cross-sectional
slenderness lp, and depth-to-width ratio H/B fell near the limit
and within the range for stocky I-sections with constituent plates
which are also individually stocky. This corresponds to
lf , 10.11 (IACS 2019), lw , 721 (CEN 2005, 2020) and
lp , 0.51 (Chen et al. 2022). The yield stress scaling parameter ɛ
and the slendernesses lf , lw, and lp are found as:

1 =
����������
235MPa

sy

√
(8)

lf = B− tw
2tf

(9)

lw = h
tw

(10)

lp =
����
Mel

Mcr

√
(11)

whereMcr is the elastic critical bucklingmoment of the overall cross-
section, which is found by performing a linear bifurcation analysis of
the beam subject to bending using Abaqus. Hence, for each set of
parameters B, H, tf , tw, sy and sy/su, a linear bifurcation analysis
was first performed to obtain the buckling mode to be used as the
shape of the geometrical imperfection and to obtain the critical buck-
ling moment to be used to calculate lp. Then, a geometrically and
materially non-linear static analysis with the assumed imperfections
and residual stress distribution was performed using Abaqus to
obtain the rotation capacity R as defined in Equation (1).

5.3. Dependence of rotation capacity on sy and sy/su

Figure 8 shows a clear trend that steels with higher yield strengths
sy typically have higher sy/su ratios and that steels with the same
sy could nonetheless have a significant variation in sy/su. It is

Figure 15. R against sy/su and lp for tf = 20.0mm; tw = 17.6mm; lw = 40.01. (a) sy = 690MPa. (b) sy = 890MPa and (c) sy = 690MPa and sy = 890MPa. (This
figure is available in colour online.)
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hence important to investigate the how R varies with sy and sy/su

simultaneously. It is also worth noting that the relationship between
the sy/su ratio and the strain hardening coefficient n given by
Equation (3) is dependent on sy, as plotted in Figure 9. Steenbergen
et al. (1996) presented results which showed that for a fixed sy/su

ratio, a higher sy leads to lower R, albeit without considering the
occurrence of local buckling. The finite element analysis results
plotted (Figure 10) and discussed below shows that the same
trend is seen for failure by local plastic buckling at the plastic hinge.

In Figure 10, each colormap corresponds to a fixed cross-sec-
tional geometry which has been analysed assuming a range of sy

and sy/su ratios. The effect of the different cross-sectional slender-
nesses is seen in the consistently higher R values achieved by the
cross sections which are less slender. The analyses in which failure

Figure 16. R against sy/su and lf/1 for tf = 20.0mm; tw = 17.6mm; lw = 40.01. (a) sy = 690MPa and (b) sy = 890MPa. (This figure is available in colour online.)

Table 2. Expected sy/su , lf and lw requirements for achieving R = 3 given
existing classification limits.

sy/su

lf or
lw sy/su

lf or
lw

690 MPa 890 MPa
Flange limit (for tf = 20.0 mm; tw = 17.6
mm; lw = 40.01)

0.94 10.41 0.94 11.0ɛ

0.95 10.11 0.97 10.11
Web limit (for tf = 12.0 mm; tw = 11.0
mm; lf = 10.11)

0.94 42.11 0.94 43.91

0.80 52.51 0.82 52.51

Values in bold font are the limits specified by the rules (DNV 2021c; LR 2022b);
values in normal font are the inferred corresponding limits.

Figure 17. R against lf for sy/su = 0.94 and sy = 690 MPa. (This figure is avail-
able in colour online.)

Figure 18. R against sy/su for lf = 10.11 and sy = 690 MPa. (This figure is avail-
able in colour online.)
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occurred beforeMpl was reached are plotted on the figure as having
R equal to 0. For the cross section with higher slenderness
(0.54 , lp , 0.77), barely any of the analyses achieved the Mpl,
let alone a R of 3. This agrees with Chen et al.’s (2022) classification
that lp , 0.51 marks the range for which Mpl can be achieved.

Considering the cross section which falls in the stocky range
indicated by the grayscale surface, the expected trend of decreasing
R with increasing sy/su is seen. As for the change in R given a fixed
sy/su and an increasing sy, a general decrease in R is seen, but with
the presence of a small trough around sy ≈ 790MPa. Furthermore,
the change in R with respect to sy becomes more gentle for higher
sy/su ratios. Looking into the buckled shapes of the finite element
models, it can be seen that the trough around sy ≈ 790MPa is
associated with a switching between a buckling mechanism which
is symmetric, with a buckle localising in the center (such as in
Figure 11(a)), and a buckling mechanism which is asymmetric,
with a buckle localising in one half of the beam (such as in Figure
11(b)). Furthermore, the buckled plastic mechanism is related to
the number of buckling half wavelengths present in the linear buck-
ling mode shape: a symmetric mechanism is seen to happen when
the LBA mode shape has an odd number of half wavelengths
(Figure 12(a)), while an asymmetric mechanism is seen to happen

when the LBA mode shape has an even number of half wavelengths
(Figure 12(b)).

This is even more clearly seen when R is plotted against lp in
place of sy (Figure 13). Each plane of constant sy/su gives a buck-
ling curve showing the dependence of R on the slenderness lp
(Figure 14), with mode switching causing small bumps in the
curve. This is reminiscent of the plots of buckling strength against
aspect ratio or dimensionless length used in linear elastic buckling
analyses (Timoshenko and Gere 1961; Yamaki 1984), and speaks of
the suitability of using lp as a normalised slenderness parameter in
place of the traditional engineering use of lf , lw and
1 = ��������������

235MPa/sy
√

separately. For a fixed cross-section geometry,
the overall cross-section slenderness lp increases (linearly) if the
sy increases, because lp is based on the normalisation of the critical
elastic buckling load by sy (Equation (11)), and the critical elastic
buckling load is independent of sy. Hence for a fixed cross-section
geometry, increasing sy has an effect of increasing the normalised
overall cross-section slenderness, which leads to a decreased R.

This buckling curve is however dependent on the sy/su ratio.
As can be seen in Figures 13 and 14, the overall height (in R) of
each buckling curve decreases for higher sy/su ratios. The switch-
ing between mode shapes is also different: around sy ≈ 550MPa
(lp ≈ 0.33) in the grayscale surface (representing stocky geome-
tries), another switch into a different mechanism starts to occur
for high sy/su but not for lower sy/su.

Therefore, the R does indeed decrease for increasing sy with
increasing lp, and although the exact relationship is subject to
the buckling mechanism and mode shape interactions, it has a
decreasing trend overall. It will however be shown in the next sec-
tion that an increasing sy paired with a constant lp leads instead to
an increase in R.

5.4. Dependence of rotation capacity on sy/su and lp

In Section 5.3, relationships between R, sy/su, and sy (or lp as a
linear function of sy) were plotted for fixed cross-sectional geome-
tries. In this section, the effect of varying the sy/su ratio and the
cross-sectional geometry for a fixed sy is investigated instead.
The flange thickness tf and the web thickness tw are fixed at 20.0
mm and 17.6 mm respectively. The lp is varied by changing the
flange slenderness while keeping the web slenderness lw fixed at
40.01, which corresponds to H = 450.8mm for sy = 690MPa
and H = 401.8mm for sy = 890MPa.

In this case, the solution of Equations (5) and (6) to maintain a
constant lLT = 0.1 works out such that the analyses for a fixed sy

have roughly the same length, i.e. between 1152.1 mm and 1152.3
mm for sy = 690MPa and between 898.8 mm and 898.9 mm for
sy = 890MPa.

Figure 15(a) shows the resulting R-sy/su-lp relationship for
sy = 690MPa. As before, an increase in sy/su leads to a decrease
inR for a givenlp. A small trough is seen in theR surfacewith respect
to lp at around lp ≈ 0.45, corresponding to a switch between a sym-
metrical and asymmetrical buckling mode as also seen in Section 5.3
above. Nonetheless, there is a maximum point in the variation of R
with respect to lp at lp ≈ 0.36 despite there being no change in
the overall bucklingmode there. This can be related to the decreasing
ratio of themaximum flange displacement to themaximumweb dis-
placement in the LBAmode shape with decreasing lf and lp, which
culminates in a transition of the location of the peak displacement in
themode shape from being in the flange to being in the web. The lat-
ter leads to what is here termed ‘web-dominated’ buckling behaviour
and the former to ‘flange-dominated’ buckling behaviour. The unex-
pected trend of a decreasing R with increasing stockiness (i.e.
decreasing lp) when the imperfection peak is in the web rather

Figure 19. R against lf for sy/su = 0.94 and sy = 890 MPa. (This figure is avail-
able in colour online.)

Figure 20. R against sy/su for lf = 10.11 and sy = 890 MPa. (This figure is avail-
able in colour online.)
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than the flange demonstrates that web-dominated buckling behav-
iour and large web imperfections could be more detrimental to R
than flange-dominated buckling behaviour, and it is necessary to
consider both situations.

It is important to note that all of the analyses here have the same
lw = 40.01, which satisfies the maximum web slenderness limit
specified in UR I (IACS 2019) to prevent local web buckling and
also satisfies the EN 1993-1-1 (CEN 2005, 2020) Class 1 limit for
web plates. The switch in the mode shape’s peak location led to a
change in trend and a decrease in R despite a decrease in lf and
lp and a constant lw classified as sufficiently stocky. It is hence
important to either account for the location of the buckling mode
or imperfection peak or consider limits on the relative ratio
between flange and web slenderness.

For sy = 890MPa (Figure 15(b)), a similar overall trend to that
of sy = 690MPa discussed above is seen, where for a constant
sy/su, the gradient of R with respect to lp is positive for small
lp and negative for large lp, and a small trough is seen at around
lp ≈ 0.39 which is associated with a switching from an asymmetri-
cal buckling mode to a symmetrical buckling mode as discussed in
Section 5.3 above.

Figure 15(c) shows the R-sy/su-lp relationship assuming the
same fixed tf and tw, for both sy = 690MPa and sy = 890MPa.
While for a fixed cross-section geometry, an increase in sy leads
to an increase in lp such that R decreases (Figure 13), Figure 15
(c) shows that for a fixed lp, an increase in sy leads to an increase
in R. This is in agreement with the idea a higher strain hardenability
leads to greater R, because if the normalised slendernesses lLT and
lp are fixed (by accordingly adjusting the cross-section geometry),
any increase in sy is a purely material change, and for a fixed sy/su

ratio, a higher sy leads to a greater n and a greater strain hardening
ability, since the behaviour of sy/su as a strain hardening par-
ameter is dependent on sy (Equation (3) and Figure 9).

6. Assessment of the UR I flange and web slenderness
limits

As discussed in Section 2, grillages subject to ice loading in polar
class ships are designed using plastic framing design concepts in
which the plate-stiffener combination is assumed to act as a
frame which develops plastic hinges (Daley 2002; IACS 2019). UR
I (IACS 2019) specifies a maximum flange-outstand slenderness
limit of 155/ ���

sy
√ = 10.11 and a web slenderness limit of

282/ ���
sy

√ = 52.51 (where the yield stress is in MPa) to prevent
local flange and web buckling in the welded stiffeners. As an
example to illustrate the significance of the trends observed from
the parametric study, the aforementioned slenderness limits are
assessed together with the sy/su limit of 0.94 specified in the
classification societies’ rules (DNV 2021c; LR 2022b) for two

Figure 21. R against sy/su and lw/1 for tf = 12.0mm; tw = 11.0mm; lf = 10.11. (a) sy = 690MPa and (b) sy = 890MPa. (This figure is available in colour online.)

Figure 22. R against lw for sy/su = 0.94 and sy = 690MPa. (This figure is avail-
able in colour online.)
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nominal steel grades, sy = 690MPa and sy = 890MPa. Since R is
dependent on both the cross-sectional slenderness and sy/su, the
slenderness required to achieve a given R depends on the sy/su

ratio, and the sy/su ratio required to achieve a given R depends
on the slenderness. The results of the parametric study is hence
used to infer a limiting slenderness corresponding to the sy/su

limit of 0.94 in the classifications societies’ rules (DNV 2021c; LR
2022b) and similarly a limiting sy/su ratio corresponding to the
slenderness limits in UR I, based on the assumptions described in
Sections 4 and 5. As shown in Figures 16 to 25, this is done by
using linear interpolation of the parametric results and plotting
lines describing a constant sy/su, lf /1 or lw/1.

The same series of parametric analyses discussed in Section 5.4 is
considered to assess the lf limit, since this series has a constant and
stocky web slenderness and varying flange slendernesses. As for
assessing the lw limit, a series of finite element analyses with a
fixed stocky web slenderness lw of 10.1ɛ is performed. The flange
and web thicknesses are fixed at tf = 12.0mm and tw = 11.0mm,
and lLT is set to 0.1 as before. The values obtained are summarised
in Table 2.

For the given sy/su = 0.94 limit, the 890MPa steel could
achieve an R of 3 with a higher plate slenderness (lf /1 or lw/1)

than could the 690MPa steel. For a fixed plate slenderness, the
maximum sy/su to achieve an R of 3 is higher for the 890MPa
steel than for the 690MPa steel. This is in line with the observation
in Section 5.4 that a higher yield strength leads to a higher R when
the sy/su and the normalised slendernesses are fixed. Considering
the trend that higher strength steels tend to have higher sy/su

ratios, stipulating requirements on sy/su, lf /1 and lw/1 which
are dependent on sy or appropriately normalised to sy has the
potential for allowing more efficient use of high-strength steels.

The results here suggest that for higher strength steels such as
the 690MPa and 890MPa steel considered in this example, the
limits on sy/su relating to lf /1 are sufficient for achieving the R
= 3 threshold, but the sy/su and lw/1 limits are not. However, it
should be noted that the interdependence between lw/1 and lf /1
has not been studied in these sections, since the lf /1 limit was
investigated for a fixed lw/1, and vice versa. Further studies either
considering a combined overall cross-section slenderness or explicit
considering lw/1-lf /1 interdependence are required. Designs
could also be optimised by investigating more precise R require-
ments the framing in grillage systems.

In Figures 17 and 19, the transition at low lf /1 into web-domi-
nated buckling behaviour (with the LBA peak occurring in the web
as discussed in Section 5.4) becomes relevant as R threatens to
decrease below 3 even while the slenderness is decreasing. Figure
17 even sees a sudden drop below R = 3 once the gradual transition
of the location of the LBA peak displacement to the web is com-
plete. It is hence recommended that web- and flange- dominated
buckling are both considered or that a limit on the ratio between
web and flange slenderness is included to avoid loss of rotation
capacity despite low web and flange slendernesses.

By varying the sy and sy/su for beams with constant tf , tw, lf ,
lw and lLT , the sy/su requirement with respect to sy for beams
with constant cross-sectional slenderness classifications can be
assessed. This is done by plotting the R-sy-sy/su data and using
linear interpolation to find the sy-sy/su line corresponding to R
= 3. To illustrate this, two series of parametric runs involving con-
stant cross-sectional slendernesses were performed: one with
tf = 20.0mm; tw = 17.6mm; lw = 40.01 and lf = 10.11 (Table
1, Series 4); and another with tf = 12.0mm; tw = 11.0mm;
lw = 52.51 and lf = 10.11 (Table 1, Series 9). The results are
plotted in Figure 26, together with the empirically derived trends
between sy and sy/su observed in steels (from Figure 8). Thus,
in Figure 26, the solid lines can be seen as the upper bound of

Figure 23. R against sy/su for lw = 52.51 and sy = 690MPa. (This figure is avail-
able in colour online.)

Figure 24. R against lw for sy/su = 0.94 and sy = 890MPa. (This figure is avail-
able in colour online.)

Figure 25. R against sy/su for lw = 52.51 and sy = 890MPa. (This figure is avail-
able in colour online.)
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what is acceptable for the given geometry based on considerations
of the plastic rotation capacity, while the dashed lines can be seen as
describing the range over which high-strength steel properties are
found. It shows that for rotation capacity considerations, the local
slenderness of the structure plays a big role on whether or not
the sy/su is adequate. Furthermore, it shows that while the
observed values of sy/su generally increases with sy, the highest
tolerable sy/su ratio required to achieve sufficient rotation capacity
also increases, reiterating the relevance of ductility and slenderness
requirements that are simultaneously dependent on sy and sy/su.

7. Conclusions

This study has shown that the rotation capacity R is simultaneously
dependent on the yield strength sy, the sy/su ratio and the cross-
section slenderness (lf , lw or lp). The following conclusions may
be drawn from this study:

(1) Due to the interdependence between R, sy, sy/su and λ, a
complete, accurate determination of the sy/su limit would,
in the ideal case, be situational and dependent on the desired
rotation and specific geometries, in contrast to the current
practice which typically involves a material-specific limit that
is independent of the structure.

(2) For a fixed sy/su ratio, cross-sectional slenderness and lateral-
torsional buckling slenderness, a higher sy leads to higher
rotation capacities. This suggests that increased use of high-
strength steels could be achieved by considering all of these fac-
tors together. For example, this could be done by introducing
cross-sectional slenderness limits that are dependent on both
the sy and sy/su, instead of a constant, blanket sy/su require-
ment such as is currently adopted in standards and rules.

(3) The trend between the rotation capacity and the cross-sectional
slenderness depends on the relative slendernesses of the web
and the flange and whether the buckling is web- or flange-
dominated. Increasing the flange stockiness by decreasing the
flange width for a beam that is experiencing web-dominated
buckling does not help to increase the rotation capacities but

instead decreases it, although a decrease is reflected in the
cross-section slenderness parameter. This suggests the impor-
tance of considering the relative slendernesses of the web and
the flange, in contrast to the current practice in UR I (IACS
2019), EN 1993-1-5 (CEN 2005) and ANSI/AISC 360-16
(AISC 2016) and of specifying independent web and flange
limits, as also suggested by Chen et al. (2022).
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Appendix. sy/su limits found in standards, rules and specifications

Table A1. Limits specified on the nominal values of sy/su in design.

Application sy/su limit Reference
Buildings and bridges 0.95 – elastic analysis CEN (2020)

0.91 – plastic analysis
Lifting appliances 0.94 LR (2022a) (1)

(1) Additionally, the steel should comply with the LR Rules for the Manufacture, testing and Certification of Materials, in which limits of 0.90 or 0.94
on the actual sy/su ratio apply to some steels (see Table A2 below).

(2) In most other design rules or standards, although a limit on sy/su is not stated, a requirement is set that the material should comply with rel-
evant product specifications or material certification rules, in which limits on the actual sy/su are stated.

Table A2. Limits specified on the actual values of sy/su obtained from testing for certification or compliance with product specification.

Application Steel type
Strength
[MPa] sy/su limit Reference

Buildings, bridges and general
structural use

General rolled and HSLA QST steel shapes 345–450 0.85 ASTM (2019, 2020)

Marine and offshore structures Grades AH, DH, EH, FH 420–960 0.94 LR (2022b) and DNV
(2021c)

C-Mn steels of grades AH, DH, EH, FH–N or M 265–390 0.90 LR (2022b)
C-Mn steels of grades AH, DH, EH, FH–QT 265–390 0.94 LR (2022b)
Grades designated with normal weldability, improved
weldability ‘W’ and offshore ‘O’

420–960 0.94 DNV (2021b)

Hot-rolled grades S355–S770: NO, MO, QO 355–770 0.87 (355 MPa)–0.97 (770 MPa) CEN (2019)
QR3, QR4, QR4 (offshore mooring chains and
accessories)

410–760 0.92 BV (2020)

High-strength steel for special applications (pressure
vessels)

550–690 0.90 (550 MPa)–0.92 or 0.95 (690 MPa) LR (2022b)

Pipes Grades L, X with PSL2 245–830 0.93 (245 MPa)–0.99 (830 MPa) API (2018)
Grades L, X with PSL2 245–555 0.80 (245 MPa)–0.90 (555 MPa) ISO (2019)
C-Mn steels 245–555 0.93 DNV (2021a)
Duplex and martensitic stainless steels of grades 13Cr,
22Cr, 25Cr

450–550 0.92 DNV (2021a)
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