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ABSTRACT:  Stainless steel is increasingly used as a construction material in a range of engineering 
applications. Significant progress in the development of structural design guidance has been made in 
recent years. However, not much attention has been given to the behaviour of members subjected to 
torsion or combined torsion plus bending. This paper describes a preliminary study of the structural 
behaviour of laser welded stainless steel members subjected to these kind of loads. First of all, a brief  
review of the current international design standards for (stainless) steel members submitted to torsion and 
combined torsion plus bending is made. Thereupon, previous experimental studies on members submitted 
to combined torsion plus bending are summarised. A finite element model of an austenitic laser welded I 
section is then presented. The results of the aforementioned experiments and the numerical model are then 
employed to assess the current codified design provisions, of which the shortcomings are highlighted.

nitic beam is carried out. The numerical results 
are then further employed to assess the theoretical 
predictions.

2  Design rules for steel I sections

2.1  Elastic theory for torsion

The elastic theory to calculate the torsional stresses 
on thin-walled beams was developed by Vlasov 
(1961) and further elaborated by Timoshenko &  
Gere (1961), Kollbruner & Basler (1969) and 
Galambos (1968). Depending on the type of cross-
section, the boundary conditions and the type of 
loading, the member is in a state of uniform tor-
sion (St. Venant torsion Tt) or non-uniform tor-
sion (St. Venant Tt and warping torsion Tw). St. 
Venant torsion induces shear stresses τt, while 
warping torsion generates both normal σw and 
shear τw stresses.

t w T wT T T GI EIφ φ= + = ′ − ′″ 	 (1)

Where G is the shear modulus, E is the Young’s 
modulus, IT is the St. Venant torsion constant, Iw is 
the warping constant and φ is the angle of twist.

The torsional stresses are visualized in Fig-
ure 1. The St. Venant shear stresses are largest at 
the edges and can be determined with eq. 2, where 
t is tf or tw as appropriate. The warping normal 
stress can be determined by eq. 3, where Wns is the 
normalized warping function at point s. For sym-

1  Introduction

Stainless steel is gaining increasing use as a con-
struction material, rather than simply a decorative 
material, in a range of engineering applications, 
owing principally to its favourable mechanical 
properties, good ductility and excellent resist-
ance against corrosion and fire. Recently, a new 
manufacturing technology ‘laser fusion’ is used 
to produce stainless steel build-up I beams. The 
welds are made with powerful lasers without the 
use of filler material, producing very small weld 
seams and homogenous material properties of the 
laser welded sections. In addition, laser fused sec-
tions generally feature small internal and external 
radii and can be classified as sharp edged profiles. 
Moreover, the level of the resulting residual stress 
is much lower, compared to that from the com-
monly used arc welding process.

The present paper describes a preliminary study 
of the structural behaviour of laser welded stain-
less steel members subjected to pure torsion and 
combined torsion plus bending. A review and com-
parative analysis of current international design 
standards for stainless steel members under tor-
sion and combined torsion plus bending moment 
is first presented. Previous experimental studies on 
carbon steel members submitted to combined tor-
sion plus bending are then summarised. The col-
lected data are then employed to assess the current 
codified design provisions, of which the shortcom-
ings are highlighted. Afterwards, a finite element 
model of a 140 × 140 × 12 × 10 laser welded auste-
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metric I sections, the warping normal stresses are 
greatest in point 0. The warping shear stresses are 
maximum in point 1 for symmetric I sections and 
can be determined with eq. 4, in which Sws is the 
warping statical moment at point s. The warping 
normal stresses lead to a bending moment in the 
flanges, which is the warping moment Mw.

t Gtτ ϕ= ′ 	 (2)

w nsEWσ φ= ″ 	 (3)

/τ φ= ′″w wsES t	 (4)

( )/w w fM EI h tφ= ″ − 	 (5)

All these stresses are related to the angle of twist 
φ and its first φ ′, second φ ″ and third φ ′″ deriva-
tives, and thus can be calculated when the angle of 
twist and its derivatives are known along the length 
of the member. The general solution for the angle 
of twist for a concentrated torsional load T is:
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For the loading case in this paper, the equation for 
the angle of twist, in the first part of the beam, is:
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Since the beam and the loading are symmetric, 
the angle of twist is as well.

The following equations contain the torsional 
properties for doubly symmetric I sections, i.e. the 
St. Venant torsion constant It (since the sections 
are laser welded, no correction term for the junc-
tion is necessary), the warping constant Iw, the tor-
sional bending constant a, the normalized warping 
function at point 0 Wn0 and the warping statical 
moment at point 1 Sw1.

I bt h t tt f f w= + −( ) 2 2 33 3 / 	 (8)
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S h t b tw f f f1
2 16= −( ) / 	 (12)

Since the force P (Figure 3) acts vertically, the 
forces modify with the angle of twist due to second 
order effects. First of all the eccentricity changes 
from e to h/2sin(φ)+ ecos(φ), leading to a modi-
fied torsional moment. Furthermore, the force P 
has to be split up into a force parallel to the web 
Pcos(φ) and a force parallel to the flanges Psin(φ), 
thus not only a major, but also a minor axis bend-
ing moment occurs. In this paper, an asterisk (*) is 
used to indicate these modified forces. 

2.2  Eurocode 3

2.2.1  Pure torsion
According to EN 1993-1-1 §6.2.7(1), the total tor-
sional moment TEd should—obviously—be lower 
than the torsional resistance TRd. This statement 
can only be applied if  distortional deformations 
may be disregarded, yet the code does not say when 
this is the case. Furthermore the design rules fail to 
mention how to calculate the torsional resistance 
TRd. Despite not specifying a way to calculate the 
torsional resistance TRd, the Eurocode allows the 
use of the following Yield Criterion (YC) (eq. 13).
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The Eurocode specifies that the total torsional 
moment TEd should be considered as the sum of 
the St. Venant torsion Tt,Ed and the warping tor-
sion Tw,Ed and that they may be determined from 
the total torsional moment by elastic analysis. 
The shear stresses τt,Ed due to St. Venant torsion 
and the normal σw,Ed and shear stresses τw,Ed due to 
warping torsion should be taken into account. The 
paragraph §6.2.7(7) allows to neglect the effects of 
St. Venant torsion for open sections. However, not 
only the type of cross-section, but also the length 
of the member has an influence on the importance 
of St. Venant and warping torsion. For long I 
beams, the St. Venant torsion cannot be neglected 
(Melcher & Karmazínová 2012).

Figure 1.  Torsional stresses for an I section.
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2.2.2  Combined loads
For combined torsion and bending, §6.2.7(6) 
allows to determine the plastic moment resist-
ance of a cross-section, however does not offer an 
interaction criterion, but only says that the torsion 
effects BEd should be derived from elastic analysis. 
The bimoment BEd is the product of the centre-to-
centre distance between the flanges and the warp-
ing moment Mw,Ed. However when Eurocode refers 
to the bimoment, it refers to the stresses due to 
warping torsion (Hughes et al. 2011).

For combined shear force and torsion, the plas-
tic shear resistance should be reduced to Vpl,T,Rd. 
For I sections, this reduction is based on the ratio 
of the shear stress due to St. Venant torsion and 
the allowable shear stress, even though §6.2.7(7) 
says that the effects of St. Venant torsion may be 
neglected. For combined bending, shear and tor-
sion, the moment resistance should be calculated 
using a reduced yield strength (1-ρ)fy, where ρ is 
given by eq. 14. When, in addition to the latter 
forces, an axial force is present too, the combina-
tion of moment and axial force should be calcu-
lated using the same reduced yield strength.

ρ = −( )2 1
2

V VEd pl T Rd/ , , 	 (14)

Applying the latter rules would mean that the 
bending moment doesn’t have to be reduced when 
a combination of a moment and a torque without 
a shear force is present. Lastly, second order effects, 
which will occur when torsion is induced due to an 
eccentric vertical transverse force, are completely 
disregarded.

Following the guidelines of Eurocode 3, the 
most appropriate way to check the resistance of a 
member when torsion is involved seems to be the 
yield criterion (eq. 13). As a consequence, it is not 
possible to take the plastic resistance into account. 
For open sections, this will not be a problem in 
practice, since the angle of twist corresponding to 
the yield strength will almost always be too large to 
be allowed in the Serviceability Limit State (SLS) 
(Melcher 1996). Nevertheless, this is a very funda-
mental concept, which is missing in the Eurocode.

2.2.3  Supplementary rules
The supplementary rules for cold-formed members 
and sheeting give clearer guidelines for torsion. 
Eurocode 3  Part 1–3 limits the total direct stress 
σtot,Ed to fya/γM0 and the total shear stress τtot,Ed to fya/
(γM0√3). Furthermore the stresses should satisfy 
eq. 15, which is an adaptation of the yield crite-
rion. σtot,Ed and τtot,Ed are the sum of, respectively, 
the direct stresses and the shear stresses due to 
bending, axial force, transverse shear force, St. 
Venant torsion and warping torsion and should be 

calculated using either the effective cross-section or 
the gross cross-section.

σ τ γtot Ed tot Ed ya Mf, , . /2 2
03 1 1+ ≤ 	 (15)

There are no additional provisions concerning 
torsion in the supplementary rules for stainless 
steel (EN1993-1-4) or high strength steel (EN1993-
1-12), nevertheless the non-linear stress-strain 
behaviour of stainless steel necessitates specific 
design rules, as evidenced in paragraph 4.

2.2.4  SCI P385
In publication 385 (Hughes et al. 2011), the Steel 
Construction Institute (SCI) gives guidance on the 
verification of the combined effects due to bending 
and torsion to Eurocode 3. The publication gives 
an elastic and a plastic verification. For both, a dis-
tinction is made between open and closed section. 
The elastic verification (SCI El.) for open sections 
(eq. 16) is a linear interaction between the major 
axis bending moment, the minor axis bending 
moment (due to the rotation of the section) and 
the warping moment.

The plastic verification (SCI Pl.) for I and H sec-
tions is given by eq. 17. It should be noted that the 
angle of twist will be much larger than the elastic 
value, thus eq. 7 is no longer applicable. However, 
the elastic value will presently be used for compari-
son, which should give an overestimation of the 
capacity. Furthermore, the plastification affects 
the distribution of the torsional moment leading 
to a reduced value of the warping moment, thus its 
evaluation through the elastic analysis represents a 
conservative overestimation.

M
M

M
M

M
M

y Ed

y el Rd

z Ed

z el Rd

w Ed

f el Rd

,

, ,

,

, ,

,

, ,

+ + ≤ 1 	 (16)

M
M

M
M

M
M

y Ed

y pl Rd

z Ed

z pl Rd

w Ed

f pl Rd

,

, ,

,

, ,

,

, ,









 + + ≤

2

1 	 (17)

where Mf,el,Rd ≈ Mz,el,Rd /2 and Mf,pl,Rd ≈ Mz,pl,Rd /2.
The shear force due to warping is given by Tw,Ed/

(h-tf) and should be checked against the shear 
resistance of the flanges. However, this value is 
usually much less than the plastic shear resistance 
and thus its effect on the moment resistance may 
be neglected. The shear stresses due to St. Venant 
torsion are accounted for by reducing the plastic 
shear resistance of the web according to §6.2.7(9).

2.2.5  French annex of 1998
Back in 1998, France had an informative national 
annex to EN 1993-1-1 on the calculation of the tor-
sional resistance, which is not anymore included. 



1102

This annex included a linear interaction criterion, 
in which the modification of the loads caused by 
the rotation due to torsion and the deformations 
due to bending had to be taken into account. For 
class 1 or 2 cross-sections, the resistance was to be 
checked as follows:
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where αT = Wpl,z/Wel,z is limited to 1.25 for I or H 
sections. For class 3 cross-sections, the elastic sec-
tion modulus is used instead of the plastic section 
modulus.

The resistance of the cross-section to a com-
bination of shear force and torsion was checked 
through the condition βV ≤ 1, provided in eq. 19 for 
an I-profile. The reduction factor for the effect of 
shear on the moment resistance ρ, which was then 
calculated as (2βV -1)², could also be applied in 
the presence of torsion without a shear force. The 
yield strength in eq. 18 for both the strong and the 
weak axis bending moment was reduced to (1–ρ)fy 
when βV is greater than 0.5.
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2.3  ANSI/AISC 360

The Specification for Structural Steel Buildings 
contains relatively extensive rules for Hollow 
Structural Sections (HSS). It gives equations for 
the torsional strength, according to the limit states 
of torsional yielding and torsional buckling, as well 
as an interaction formulae for torsion, shear, flex-
ure and/or axial force. However for open sections, 
the guidelines are limited to the consideration of 
three limit states: yielding under normal stress fy, 
yielding under shear stress 0,6fy and buckling. The 
internal stresses should be determined by elastic 
stress analysis based on established theories of 
structural mechanics. Reference is made to AISC 
Design Guide 9 (Seaburg & Carter 2003). In the 
provisions, additionally to ANSI/AISC 360 rules, 
a conservative interaction equation is given when 
it is unclear which limit state is dominant.

2.4  AISI S100

For a combination of bending and torsion, the 
North American Specification for the Design of 
Cold-Formed Steel Structural Members multiplies 

the moment resistance by a reduction factor R. 
This reduction factor is the normal stresses due to 
bending alone, divided by the combined stresses 
due to both bending and torsional warping at 
the point of maximum combined stress along the 
cross-section. This approach is similar to an inter-
action based on normal stresses. The resistance of 
a member subjected to torsion without a bending 
moment is completely disregarded.

3 E xperiments from literature

No torsion or combined torsion plus bending test 
conducted on stainless or high strength steel mem-
bers was found in the literature, thus a comparison 
is made with carbon steel members. Estabrooks & 
Grondin (2008) and Tusnin & Prokic (2015) con-
ducted experiments on simply supported beams 
with free warping restraint conditions, like the one 
modelled in this paper (Figure  3). Estabrooks &  
Grondin (2008) tested 6 beams with a length 
of 4 m, 3 W250 ×  67 and 3 W250 ×  73  sections, 
with different eccentricities, leading to various 
moment-to-torque ratios (Mtest/Ttest). Tusnin & 
Prokic (2015) tested 6 12B1 sections, with the same 
eccentricity and different lengths, also leading to 
various moment-to-torque ratios. The results of 
the comparison can be seen in Figure 2 where the 
test-to-predicted torque is given versus Mtest/Ttest. 
The plastic verification of the SCI publication  
provides the best results with an average of the 

Figure 2.  Comparison of test results with design rules.

Figure 3.  Dimensions and loading case.
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test-to-predicted torque of 1.28 and a standard 
deviation of 0.23.

4 N umerical modelling

One austenitic (grade EN1.4301/304) laser welded 
class 1 I section is used as an example. The dimen-
sions of this cross-section as well as the loading 
case are illustrated in Figure  3. The considered 
profile was analysed using the general-purpose 
finite element analysis package ABAQUS.

4.1  Numerical modelling considerations

The four-noded S4R element employing a reduced 
integration scheme was applied, which enables 
finite membrane strain and has shown good per-
formance in the modelling of thin-walled struc-
tures. An element size equal to half  of the profile 
thickness was assigned to the shell model. The 
two-stage Ramberg-Osgood (R-O) material model 
(Gardner 2005), which provides excellent agree-
ment with experimental stress-strain data, up to 
the strain range for practical modelling and design 
of stainless steel members, was adopted to rep-
resent the nonlinear stress-strain relationship of 
austenitic stainless steel:
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for σ0.2 ≤ σ ≤ σu

The adopted material properties were taken from 
previous tests on cold-formed austenitic RHS pro-
files (Zhao et al. 2015). Note that the same material 
model is used for the entire cross-section, which 
ignores the influence of residual stress from the 
laser welding procedure. The two-stage R-O mate-
rial model was first obtained and then converted 
into the format of true stress and log plastic strain 
in accordance with the requirement by ABAQUS.

Due to symmetry, half  of the eccentrically loaded 
member was modelled. The end boundary condi-
tions are simulated by coupling the displacements 
and rotation Ux, Uy and Rz of the end section to a 
reference point, which is located at the midpoint of 
the bottom flange. Four degrees of freedom of the 
reference point were restrained, allowing longitu-
dinal translation and rotation about the strong axis 

only. For pure torsion conditions, the central sec-
tion was fully coupled to a reference point located 
at the shear centre on which a torque was applied. 
For eccentrically loading conditions, the central 
section was fully coupled to reference points that 
were offset from the midpoint of the top flange 
by the denoted eccentricities along the flange, at 
which symmetric boundary conditions and a verti-
cal concentrated force were applied. A nonlinear 
static Riks analysis was performed to trace the full 
load-deformation curves of the FE models.

4.2  Results and discussions

The applied torsional moment versus the angle of 
twist of the member under pure torsion is depicted 
in Figure  4, from which a long, steady slope is 
observed, owing to the development of plastic-
ity throughout the cross-section and the mem-
ber length. The FE prediction is compared to the 
theoretical predictions in Figure 4. Clearly, the FE 
model presents a higher torsional resistance than the 
other methods owing to the consideration of mate-
rial nonlinearities, allowing the spread of plasticity 
throughout the cross-section upon first yielding.

Figure  4. U ltimate torsion in I section under pure 
torsion.

Table 1.  Material properties.

E σ0.2 σ1.0 σu

R-O 
coefficient

N/mm² N/mm² N/mm² N/mm² n n’0.2,1.0

192,550 343 391 605 6.7 2.4

Figure 5.  Failure mode for eccentrically loaded case.
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Typical numerical failure mode for laser welded 
members under eccentric loading are depicted in 
Figure  5. The value of the force P prior to the 
overturning of the central section is of engineering 
concern. Herein, the critical force Pu is denoted as 
the value corresponding to a central twisting angle 
of 20°, since the rotation continues to increase 
immensely with a slight increase of the torque. The 
FE predictions with various initial eccentricities e 
are listed in Table 2, together with the theoretical 
predictions.

5  Conclusion

Primary torsion occurs quite often in engineering 
practice, e.g. in curved bridges or whenever a force 
is applied away from the cross-section’s shear cen-
tre. The design rules recommend to avoid this as 
much as possible, however this is not always achiev-
able due to architectural or structural require-
ments, hence it is important that straightforward 
guidance for the design of members subjected to 
this kind of load exists. However, the design rules 
presented in this paper are sometimes incomplete 
and often confusing.

Both EN 1993-1-1 and AISI S100 reduce the 
moment resistance based on the torsional stresses, 
while, at the same time, not indicating how to cal-
culate the torsional resistance. On the other hand, 
the Eurocode allows to use the yield criterion to 
check this resistance. ANSI/AISC 360 and EN 
1993–1-3 limit the normal and shear stresses sepa-
rately, the latter also provides a maximum value for 
a combination of these stresses. SCI P385 contains 
an elastic and plastic verification for combined 
forces according to Eurocode 3. The French annex 
of 1998  includes an interaction criterion which 

takes the plastic resistance partly into account. The 
two last methods also do not specify the resistance 
to pure torsion.

The normal stresses due to warping are far 
greater than the other stresses and maximum at 
points where shear is absent, thus the interaction 
between normal and shear stresses is not decisive. 
As a result, the interaction criteria based on the 
YC, i.e. EN 1993-1-1, EN 1993-1-3 and ANSI/
AISC 360, give the same resistance even though 
ANSI/AISC 360 does not take interaction into 
account. For the same reason, the elastic verifica-
tion of the SCI publication is almost identical to 
the YC.

The inaccuracy of the current design rules was 
evidenced through the comparison of 12 reference 
experiments with the theoretical predictions. All 
the aforementioned design methods underestimate 
the resistance of a member subjected to torsion or 
a combination of torsion plus bending, even if, in 
this evaluation, the assumed angle of twist is calcu-
lated with an elastic analysis and used as an overes-
timation in the plastic verifications.

Furthermore there are no additional provisions 
concerning torsion in the supplementary rules for 
stainless steel although the non-linear stress-strain 
behaviour of stainless steel necessitates specific 
treatment of this material. This was evidenced 
through the modelling of a laser welded austenitic 
stainless steel beam submitted to pure torsion or 
combined torsion plus bending.

Future work will assess other methods, for 
example the Partial Internal Force Method (PIFM) 
(Kindmann & Vette 2012), the Direct Strength 
Method (DSM) for torsion (Bian et al. 2016) and 
the method developed by Trahair (Trahair et  al. 
2008) by comparing them to an extensive experi-
mental programme on austenitic laser welded and 
duplex arc welded I beams, supplemented with a 
parametric study.
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