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Preface

Direct Strength Method (DSM) is a modern simulation-based method developed
specially for the design of thin-walled steel members, not yet included in the
Eurocodes, but implemented in US and Australian design codes. The method is
predicated upon the idea that if an engineer determines all of the elastic
instabilities for the member and its gross section (i.e. local, distortional, and
global buckling) and the load (or moment) that causes the section to yield, then
the strength can be directly determined. A geometrically and materially non-linear
with imperfections analysis (GMNIA) is used to provide data for comparison with
the current methods and DSM calculations.

Espoo 13.5.2013
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Abbreviations

AlSI American Iron and Steel Institute

ASCE American Society of Civil Engineers

ASINZS Australian Standard/New Zealand Standard

CEN European Committee for Standardization

CSM Continuous Strength Method

DSM Direct Strength Method

EN European Standards

FB Flexural buckling

FEM Finite Element Method

FSM Finite Strip Method

GBT Generalized Beam Theory

GMNIA Geometrically + materially nonlinear analysis with imperfections

LEA Linear Eigenvalue Analysis

LTB Lateral-torsional buckling

TB, TFB Torsional buckling, Torsional-flexural buckling

Related standards

AISI S100-2007

AIlSI §100-2007-C

AS/NZS 4600:2005

AS/NZS 4673:2001

EN 1993-1-1

EN 1993-1-3

EN 1993-1-4

EN 1993-1-5

SEI/ASCE 8-02

North American Specification for the Design of Cold-
Formed Steel Structural Members (AISI, 2007)

Commentary on North American Specification for the
Design of Cold-Formed Steel Structural Members
(AISI, 2007)

Australian/New Zealand Standard™ Cold-formed steel
structures (AS/NZS, 2005)

Australian/New Zealand Standard™ Cold-formed
stainless steel structures (AS/NZS, 2001)

Eurocode 3: Design of steel structures — Part 1-1:
General rules and rules for buildings (CEN, 2006)

Eurocode 3: Design of steel structures — Part 1-3:
General rules - Supplementary rules for cold-formed
members and sheeting (CEN, 2006)

Eurocode 3: Design of steel structures — Part 1-4:
General rules - Supplementary rules for stainless steels
(CEN, 2006)

Eurocode 3: Design of steel structures — Part 1-5:
Plated structural elements (CEN, 2006)

Specification for the Design of Cold-Formed Stainless
Steel Structural Members (SEI/ASCE 2002)
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Introduction

The Direct Strength Method (DSM), an alternative calculation of cold-formed
steel resistance of members, taking into account the interactions of local,
distortional and overall buckling. It has been introduced in American and
Australian/New Zealand standards AISI S100 and AS/NZS 4600 based on [1-4].

The detailed overview of design methods used in current standards that are
proposed for the use in evaluation of cross-section and member resistance is
presented in the “Review of available data” report [5]. The background for the
local buckling calculation is included in Appendix C of this report. This section
will mostly focus on the description of DSM and methods connected to DSM.

The calculation methods presented below are deliberately written in the form of
design rules in EN 1993. Therefore the nominal buckling resistance Ny is used
instead of axial strength P, from ASCE 8-02 and AISI S100 specification or
nominal member capacity N; from AS/NZS 4600 and 4673. The critical buckling
length L. equals to the KL term in AISI/ASCE specification and kl term in
AS/NZS. The nondimensional slenderness A and the radius of gyration r from

AISI/ASCE specification and AS/NZS are written as A and i respectively
according to the form used in EN.

Member resistance

The nominal member resistances of columns and beams in Eg. (1) are reduced
cross-sectional resistances Afy and Wi, respectively.

N, = yAf, for columns

M, = yWf, for beams. @)

The reduction factors y are not used in ASCE and AS/NZS standards, where the
reduced member strength is calculated directly.

Ayrton-Perry formula

The buckling strength reduction y can be calculated by the formula proposed by
Ayrton and Perry [6] that is represented in Egs. (2) and (3) in a form used in EN
1993 where N¢rand M, are the elastic buckling loads.

1

r=——= (1 2
ot /(02_/1 @)

— |Af — |Wf
A= N—y for columns and A = M—yfor beams. (3)

The calculation of coefficient ¢ recommended by EN 1993 is based on two

parameters « and Ao (Eq. (4)) that are calibrated by the experiments for different
buckling modes and cross-sections.
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¢=o,5[1+a(1—10)+ﬂ @)

Four parameters «, p, Ao and A are required by the alternative method of
AS/NZS 4673 (see Eq. (5)), and therefore the buckling curve can describe more
accurately materials with rounded stress-strain relationship.

¢:O,5(1+77+ZZ) and nza[(Z—zl)ﬂ —Zo] (5)

Tangent modulus approach

The tangent method in ASCE 8-02 specification and AS/NZS 4673 is based on
the iterative calculation of critical buckling strength of materials with Ramberg-
Osgood constitutive model [7]. Here it is represented in the form compatible with
EN 1993 in Egs. (6) and (7) where n stands for the nonlinear factor from the
Rambeg-Osgood model.

- (<1).
r== (<1) (6)

— Af
A= fl\l—y\/1+0.002nf£;(”‘1 for columns
cr y

—  |Wf
A My\/1+0.002nf£;(”‘1 for beams.

y

7)

cr

Combined Ayrton-Perry formula and tangent modulus approach

The use of nondimensional slenderness calculated by the tangent method in
Eq. (7) in Ayrton-Perry formula (Eq. (2)) was proposed by Hradil et al. [8]. It
accounts for the initial imperfections and gradual yielding at the same time. The
method requires iterative calculations in the same way as the original tangent
method.

North American specification AISI S100-2007

The AISI S100 specification for the design of cold-formed steel structural
members provides rules generally applicable to carbon steels. The method is,
however, noted herewith because the AISI specification includes also DSM
curves for the interaction of local and overall buckling that are compatible with
the Eq. (8).

0.658" for <15

= _ for columns 8
X =140,877 for>15 (8)

-2

A
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1 for 1<0,6
7=4111-0,3094 for1,6 > 1 <1,34 for beams.
_iz for 1 >1,34
A
3 Cross-section resistance
3.1 Effective cross-section

The method for evaluation of local buckling used in current EN 1993 is based on
reduction of the cross-sectional area of Class 4 cross-sections by omitting parts of
the section that are subjected to local buckling and which are thus ineffective in
overall member resistance. The effect of distortional buckling of stiffeners is
accounted for by reducing the thickness of outstanding parts of the effective
section. The resulting cross-section may have shift in centroid position leading to
the combination of compression and bending. Iterative calculations are needed for
the effective width of plates subjected to bending due to the shift of section
centroid and also due to the reduced thickness of outstanding stiffeners of open
sections.

N, = xAg f, for columns

9
M, = YW, fy for beams. ®)
This effective cross-section approach is employed in EN 1993, AISI S100, ASCE
8-02, AS/NZS 4600 and 4673. However, there are fundamental differences in the
standards:

(@) The effective section is independent on the overall buckling resistance and
the plate slenderness is based on the yield strength f, and the critical stress o,
as in Eq. (10). Then the reduction factor y for member buckling is calculated
from these effective section properties. This method is used in EN 1993.

(o}

(b) The member buckling resistance for overall buckling is calculated using the
full cross-section. Then the effective section is calculated using the member
buckling stress y fy (Eq. (11)). This method is employed in AISI/ASCE and
AS/NZS standards. It was also recommended for the Eurocode by Talja and
Salmi [9] already in 1994.

— f
Ap = ﬂ ] (11)
O-CI’
3.2 Direct strength method

The basics of the Direct Strength Method (DSM) are described in [5]. This
method was recently included in the North American and Australian standards for
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carbon steel cold formed members AISI S100 and AS/NZS 4600. Its modification
for stainless steels was proposed by Becque et al. [10] in combination with all
major stainless steel design standards including the Eurocode. In this method, the
reduced member strength f is calculated directly from the strength curves. These
curves are defined in AISI S100 and AS/NZS 4600 standards in a form similar to
Equation (12).

f for A< 4,

y

f= “ “ where A = h 12
- {Kl_KZ(%J ](Gf_] torasg, MEEASE @2

y y

The Equation (12) can be written also as Equation (13) provided that C; = K3, C;
= Ky, C3 = 2K, and C4 = 2(K3 + K4). We will use Eqg. (13) in this report, which is
more consistent with the original theories.

f for A< A,

y

f
f= , Where 1=_|—.
( ¢ _GC jfy for 1> 4, Where o (13)

203 - 7c4 cr

Currently, the method covers distortional buckling and local-overall buckling
interaction in compression or bending. The interaction of local and distortional
buckling and distortional and overall buckling is considered insignificant, and
therefore is not included in the current DSM formulation [2]. The rules for shear
buckling and combined shear and bending were recently proposed by Pham and
Hancock [11].

The Direct Strength Method use is limited to pre-qualified column and beam
cross-sections. They include lipped C-sections, lipped C-sections with web
stiffener(s), Z-sections, hats, racks upright (only compression) and trapezoids
(only bending). The geometric and material limits of those sections recommended
by AISI S100 and AS/NZS 4600 are presented in Appendix A. Cold-formed
sections that do not satisfy the limits can still be used with additional penalization
presented in the codes.

(@) Local and overall buckling interaction

The interaction of local (plate) buckling and overall (member) buckling can be
calculated by DSM as the reduction of member strength in Eq. (14). The reduction
factor of member buckling y is discussed in previous chapters.

N, = y Af, for columns
(14)
M, = »Wf, for beams.

The calculation in Eq. (15) is based on the knowledge of the overall buckling
reduction factor y and the critical local buckling stress o, that can be obtained
for instance by the Finite Strip Method (FSM) or manually by Eq. (16), as
recommended by AISI S100. The manual method is, however, providing poor
prediction since it does not account for the interaction between elements.
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fy for ﬂ'l < ﬁ'l,lim Zf
f=lc C , Where 4, = |=. (15)
I (11_(:13_21_(:24] fy for ﬁ'l > /11,Iim Gcr,l
7°E (t JZ
o., =k—————| — | for each plate element.
cr,l 12(1—1/2) b p (16)

The parameters C; to C4 and Ay, im, recommended by Becque et al. [10] and
Bezkorovainy et al. [12], are presented in Table 1 to be used with different
standardized overall buckling calculation methods. It should be noted that
parameters by Bezkorovainy et al. [12] were obtained from the plate buckling
analysis and have a poor match to the real cross-sectional behaviour because they
do not account for the corner areas of cold-formed profiles.

Table 1. DSM parameters for interaction of overall and local buckling of
members.

C; C, Cs Cs Al lim

Johnson and Winter [13] 1.00 0.22 1.0 2.0 0.673
Bezkorovainy et al. [12] 0.90 0.20 1.0 20 0.500
Becque et al. (EN 1993-1-4) [10] 0.95 0.22 1.0 20 0550
Becque et al. (AS/NZS 4673) [10] 0.95  0.22 0.8 16 0474
Becque et al. (ASCE 8-02) [10] 0.90 0.20 0.9 1.8 0.463
AISI S100, AS/NZS 4600 [14,15] 1.00 0.15 0.8 1.6  0.776

(b) Distortional buckling

In AISI S100 and AS/NZS 4600, DSM also offers a method for calculation of
distortional buckling resistance. It can be written as a reduction of member
strength — so the Eq. (17) will be similar to the basic formula from EN 1993.

N, = Af, for columns
(17)
M, =Wf, for beams.

The calculation of reduced strength in Eq. (18) is based on the knowledge of the
critical distortional buckling stress ogrq that can be obtained for instance by the
Finite Strip Method (FSM).

f for Ay < A4 im

f
f = . where A, = LA
TN e for gy s A T (18)
21(:3 Alc4 y d d,lim cr,d

The parameters C; to C4 and Aq;im recommended by Becque et al. [10] are
presented in Table 2 to be used with different stainless steel grades. The values
used in AISI S100 are also included in the table.
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Table 2. DSM parameters for distortional buckling.

C; C, Cs Cy Ad lim

Austenitic steels [10] 0.80 0.15 11 2.2 0.533

Ferritic steels [10] 0.90 0.20 1.1 2.2 0,533
AISI S100 1.00 025 1.2 24  0.561
AS/NZS 4600 1.00 0.22 1.0 20 0.673

Modified Direct Strength Method

The method by Becque et al. [10] was further improved for the low slenderness
range by Rossi and Rasmussen [16].

(a) Local buckling

The calculation of local buckling (without overall buckling interaction) in Eq. (19)
is, however, valid only with the limit member slenderness of 0,474 for AS/NZS
rules (Table 2).

f [(1-2,114)[%-1}] £, for 4 <2 m. (19)

y

(b) Local-overall buckling interaction

The modification of overall buckling reduction of AS/NZS rules (Egs. (2), (3) and
(5)) is recommended in the case of overall and local buckling interaction (see EQs.
(20) and (21)). No further modification is then needed and the Eq. (15) can be
used in its original form.

7= :I_—_/1 L—l +1 fOI’zSan. (20)
ﬂ,lim y
an = Z%)/ﬁ +Zl- (21)

(c) Distortional buckling

The modified formula for distortional buckling (Eqg. (18)) can be used for both,
austenitic and ferritic steels (see Eq. (22)).

f, {(11,88/1(, )(:_1H f, for Ay <Ay m- (22)

y

Elastic buckling solutions

Presented methods rely on the knowledge of elastic buckling critical stress or
critical load. While manual methods for overall buckling of members are
successfully used in member design for many decades, the elastic buckling
solutions for local or distortional buckling of cross-sections are more complex
phenomena and usually require numerical approach.
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Finite Element Method

Cold-formed members are usually modelled using finite shell elements that are
supported by most of the commercial FE solvers. The finite element model has to
be prepared carefully taking into account proper element type, its shape function,
mesh size and element aspect ratio. The benchmark test with different settings is
often recommended before the final FE analysis.

The elastic buckling can be then solved by the linear eigenvalue analysis (LEA),
searching for the elastic critical loads. This method, however, cannot distinguish
between local, distortional and overall modes unless special constraints are
included in the model. Moreover, the number of required eigenmodes is not
known before the desired failure is reached. Designers usually have to calculate
many values and then search manually for the first applicable buckling mode.

It is possible to suppress local and distortional buckling modes in the buckling
analysis by stiffening each cross section with membrane elements [17]. This
function is not usually available in FE programs, but it was recently implemented
in the Abaqus plug-in developed in VTT [18]. Multipoint constraints were used to
prevent overall and distortional modes by Kumar and Kalyanaraman [19]. Such
approaches can greatly help the designers with selection of the proper buckling
mode because the desired eigenvalue is usually the first one calculated.

In our study we used Abaqus solver [20] and S9R5 quadratic thin shell elements
with reduced integration, which proved to provide acceptable results and their
shape function is suitable also for modelling of cold-formed corners.

Finite Strip Method

The method particularly suitable for identifying cross-sectional critical loads is
implemented in several commercial and open-source software products. It is very
fast and it can generate so called signature curve, where the minimum critical
loads for local or distortional buckling may be identified easily. There are several
similarities with the FEM especially in the modelling phase. Cross-section has to
be properly partitioned and at least two elements per face are recommended. The
corner areas may require finer mesh as well as in FEM calculations.

In our study we used open-source software CUFSM [21]. The handling of inputs
and outputs was automated by the Python script using the Matlab import/export
module.

Generalized Beam Theory

The GBT is relatively new method and only the limited selection of programs
using GBT is available. One example is GBTUL software. Even though the
method is not used in this report, we encourage readers to read additional
information about this theory [22, 23].

Manual methods

The closed-form solutions are usually very efficient and simple to use. They do
not require special software and even though these methods provide conservative
results they are very popular in engineering community and form the basic
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structure of current design codes. The manual methods are discussed in more
detail in Appendix B.

Virtual buckling tests

Finite element models were used to simulate the buckling experiments on cold-
formed lipped channels. The problem of additional bending effect due to the shift
of effective centroid in singly symmetric sections was solved by fixing the model
ends as recommended in [24]. Therefore the real length L of tested columns was
always two times higher than the critical buckling length in flexural and torsional
buckling (Ler = Lerx = Lery = Lerr =% L),

Cross-sections and material

The cross-sectional shapes were designed to fail in overall torsional-flexural
buckling (Section A) and flexural buckling (Section B) as in Figure 1 and Table 4.
Section B was also designed to slightly violate DSM limits of the pre-qualified
sections (Table 4 and Appendix A) to study the effect of long and slender element
(the lip) on the critical section load. The average corner radius is 3 mm.

:
N

Figure 1. Studied cross-sections: Section A (left) and Section B (right).

Table 3. Cross-sectional parameters.

ho bo D 0 t
Section A 72 mm 36 mm 15 mm 90° 0.5t0 1.5 mm
Section B 72 mm 24 mm 15 mm 90° 0.5t0 1.5 mm

The finite element method was using Ramberg-Osgood material model [7] with
the n factor equal to 10, yield strength f, = 250 MPa and the initial modulus of
elasticity Eo = 200 GPa.
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Table 4. Geometric and material limits for the use with AlISI, ASCE and AS/NZS
standards.

Section A Pre-qualified Section B Pre-qualified
column beam column beam
h, /t 48 to 144 OK OK 48 to 144 OK OK
b, /t 24t0 72 OK OK 16 to 48 OK OK
D/t 10 to 30 OK oK 10 to 30 oK OK
h, /b, 2 OK OK 3 OK OK
D/b, 0.41 OK OK 0.62 - OK
0 90° OK OK 90° OK OK
E/f, 800 OK OK 800 OK OK

Initial imperfections

The ultimate loads recorded in Table 5 and Table 6 are produced by the virtual
testing tool [18], where the initial imperfections were combined from the overall
and local component. The distribution of overall and local imperfection was
provided by the tool automatically from the linear eigenvalue analysis. The
magnitude of overall imperfections was L/1500 in case of columns failing in
overall buckling or local-overall interaction. In the case of local imperfections, we
used Dawson and Walker’s formula [25] in Equation (23), where t is the plate
thickness, o is the plate critical stress and oy, is the 0,2% offset yield strength of
the material.

w, =0,023t(oy, /o, ) (23)

It should be noted that the amplitude of overall imperfections may be
unproportionally higher than of local imperfections even for short columns where
the local buckling is clearly dominating. However, the design codes do not
provide guidance about the limit column lengths for local-overall interaction.
Therefore we have reduced the overall amplitude proportionally to the critical
stress ratio o/ ocr Of the member and the cross-section in the case of short
columns.

Ultimate loads
(@) columns failing in overall torsional-flexural buckling

Table 5. Ultimate loads (in kN) of FEM Section A in compression.

Ler t (mm)

(mm) 0.5 0.75 1.0 1.25 15
125 9.692 20.455 33.452 43.821 59.494
250 9.409 20.319 30.794 43.730 59.118
500 9.673 18.498 29.609 43.266 52.642
750 9.394 19.458 29.097 39.928 48.085

1000 9.525 18.313 27.757 35.018 42.340

1250 8.811 16.131 23.328 29.507 35.996

1500 7.573 13.541 18.509 23.918 29.736

2000 4.699 8.399 11.780 15.538 19.777

3000 2.718 4.963 6.984 9.265 10.801




VIr

RESEARCH REPORT VTT-R-03253-13
14 (57)

(b) columns failing in overall flexural buckling

Table 6. Ultimate loads (in kN) of FEM Section B in compression.

Ler t (mm)

(mm) 0.5 0.75 1.0 1.25 15
125 9.393 17.991 26.771 35.845 50.860
250 9.136 17.392 25.578 34.487 48.640
500 9.009 15.932 24.470 32.706 42.902
750 8.230 14.267 23.060 30.158 36.800

1000 7.001 12.474 19.030 24.888 30.299

1250 4.600 n/a 14.362 n/a 23.586

1500 4.389 n/a 10.636 n/a 16.357

2000 2.719 n/a 6.492 n/a 9.767

3000 1.244 n/a 2.992 n/a 4.497

Comparison of the design methods

The following four methods are compared in this document:

CSM

EN 1993-1-1

EN 1993-1-4

EN Talja and Salmi

DSM-EN

DSM-EN-FSM

The continuous strength method in its latest form [26]
is used only for section resistance calculations since it
does not cover overall buckling.

The calculation of resistance of carbon steel members
resistance. It is also based on EN 1993-1-3 and EN
1993-1-5.

The standard procedure for calculation of stainless steel
member resistance is the modification of the EN
19993-1-1 method. It uses specific member buckling
curves, section classification limits and reduction factor
for local buckling.

The calculation of local-overall buckling interaction
according to EN 1993-1-4 method is modified so that
the full section area is used in the member buckling
reduction and real stress is used in the effective section
calculation as recommended by Talja and Salmi [9].

Direct strength method recommended by Becque et al.
(for ferritic stainless steels) combined with EN 1993-1-
4 member buckling curves. The critical stress of the
cross-section is calculated manually.

Direct strength method recommended by Becque et al.
combined with EN 1993-1-4 overall buckling curves.
The critical stress for local and distortional buckling is
obtained from CUFSM software [27]. This method was
used only in member resistance calculations for
selected cross-sections and variable member length.
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The design methods were compared with the results of the FEM study. Because of
the relatively short calculation times, the member lengths and material thicknesses
were varying continuously in small steps to achieve smooth curves as results. The
lengths of studied columns were from 50 to 4000 mm and the material thicknesses
were from 0.5 to 2.0 mm. The material model was assumed elastic-plastic with the
n factor equal to 10. Modulus of elasticity of 200 GPa and vyield strength of
250 MPa were applied. For the CSM method, the material model was extended to
a bi-linear form with the ultimate strength of 350 MPa.

The following sections show the results of this parametric study as member
resistances plotted against (a) critical length or (b) material thickness. The same
graphs are also presented in the nondimensional form, where the resistances
divided by cross-sectional resistance Afy, are plotted against (a) member
slenderness or (b) section slenderness. Design methods are compared to the FEM
results (red markers in Figure 2 to Figure 11). The points named “local-overall
interaction” indicate the critical length or the thickness, where the overall critical
stress is equal to the local buckling critical stress.

Section A results

(@) Columns with variable length and fixed thickness to 0.5, 1.0 and 1.5 mm

70 I
— EN 1993-1-4 ¢t =0.50 mm
- EN 1993-1-1 ¢ =0.50 mm
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DSM-EN ¢ =1.00 mm

— FEM {=1.00 mm

— EN 1993-1-4 ¢t =1.50 mm

- EN 1993-1-1¢=1.50 mm [|

— - EN Talja Salmi t =1.50 mm
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— FEM ¢=1.50 mm
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50r

40

30r

Compression resistance N, (kN)

10} - @ e iy

%.0 0.5 1.0 1.5 2.0 2.5 3.0
Effective length L (m)

Figure 2. Compression resistance of Section A with variable length.
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Figure 3. Nondimensional compression resistance of Section A with variable

member slenderness.

(b) Columns with variable thickness and fixed length to 0.5, 0.75 and 1.0 m
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Figure 4. Compression resistance of Section A with variable thickness.
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Figure 5. Nondimensional compression resistance of Section A with variable

section slenderness.

(c) Comparison to FEM results
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Figure 6. Compression resistance normalized to FEM results with respect to the
variable length.
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Figure 7. Compression resistance normalized to FEM results with respect to the

variable thickness.

6.2 Section B results

(@) Columns with variable length and fixed thickness to 0.5, 1.0 and 1.5 mm
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Figure 8. Compression resistance of Section B with variable length.
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Figure 9. Nondimensional compression resistance of Section B with variable

member slenderness.

(b) Columns with variable thickness and fixed length to 0.5, 0.75 and 1.0 m
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Figure 10. Compression resistance of Section B with variable thickness.
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Figure 11. Nondimensional compression resistance of Section B with variable
section slenderness.

(c) Comparison to FEM results
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Figure 12. Compression resistance normalized to FEM results with respect to the
variable length.
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Figure 13. Compression resistance normalized to FEM results with respect to the
variable thickness.

Discussion

Results show that the DSM method did not show significantly better results in
comparison to the existing effective width method (see Figure 6 and Figure 12).
However, both seem to be slightly over-predicting the member capacity in very
short columns and tend to be more conservative with the increasing length (see
Figure 7 and Figure 13). This effect can be caused by unnecessary reduction of
sections that fail in overall buckling at low stress levels in the case of the effective
section calculation. It was partly eliminated by applying the approach from AISI
and AS/NZS standards recommended by Talja and Salmi. Smaller thicknesses are
somewhat more conservative compared to the FEM results.

Conclusions

Effective Width Method

The plate slenderness calculation in EN 1993-1-4, Section 5.2.3 is based on stress
equal to the material yield strength fy. We recommend that the modification of the
calculation should be considered, which takes into account the overall buckling
stress of the full cross section (as it is used in AISI, ASCE and AS/NZS standards
and as it is recommended by Talja and Salmi). The modified formula is presented
in EQ. (24). The full cross-section shall be used in overall buckling calculation of
the reduction factor y.

RN L (24)

28.4¢k
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Direct Strength Method

The application of DSM in the member design does not provide significant
improvement in the accuracy of results, but it is easier and more straightforward
than the effective width and effective thickness calculations which usually need
several iterations and are limited to simple cross-sections. The use of DSM is also
limited to certain sectional shapes and loading combinations but its range can be
extended by calibration without the need of more complex design rules.

DSM tends to be too conservative for sections with one part remarkably more
slender than others (such as top hat sections with long unstiffened lips).

The main drawback of DSM use is the need of FSM or FEM software providing
the accurate prediction of critical stress of local or distortional buckling. In that
sense, a proper FEM analysis will produce much more accurate resistance
prediction directly without the need of any further calculations.

Eurocode 3, Part 1-5 provides rules for calculation of local buckling elastic
critical stress of plated elements, which can serve as a basis for manual calculation
of cross-sectional local buckling critical stress. Moreover, the rules for distortional
buckling critical stress of edge stiffeners are present in Eurocode 3, Part 1-3, and
therefore the basic values of DSM are readily available in the code, so that the
implementation of DSM method is possible. From the modified DSM rules
recommended by Rossi and Rasmussen [16], only the distortional buckling
calculation can be adapted into the Eurocode because the local and local-overall
buckling resistances are related only to the AS/NZS rules in the presented form.

Recommendations

DSM stands between traditional design methods and more sophisticated
numerical methods such as FEM, and it yields best results in its semi-numerical
form, where critical stresses from FSM, FEM or other numerical simulations are
used. Due to many limitations explained here or in the Design Guide [28], we do
not recommend the method to be used in Eurocode since nowadays FEM
calculations provide more realistic predictions with reasonable computational
time. If the DSM is considered as appendix to EN 1993-1-4, the following issues
should be taken into account:

1) Eurocode provides closed-form solutions of elastic buckling of plates (local
buckling) and stiffeners (distortional buckling) that may be linked to the
DSM.

2) If a numerical solution of elastic buckling is recommended, its algorithm
should be reviewed. We recommend CUFSM, an open-source (Academic
Free Licence) algorithm provided by Ben Schafer, which was used in this
report.

3) Parameters of DSM curves have to be calibrated. The work by Becque et al.
[10] provides one recommendation that may be used if it satisfies the
reliability criteria.



VIr

4)

RESEARCH REPORT VTT-R-03253-13
23 (57)

The applicability of pre-qualified cross-section limits should be checked,
because of the Eurocode specific rules for local and distortional critical
stresses and overall buckling reduction factors.
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Appendix A: DSM limits for pre-qualified members
The geometrical and material limits in both standards (AISI S100:2007 and
AS/NZS 4600:2005) are generally very similar, only small differences are
highlighted in Table 7, Table 8, Table 9 and Table 10.

Table 7. Pre-qualified columns (Part 1/2).

_ Sections AISI S100 limits ASINZS 4600 limits
in compression
Lipped channels hy /t <472
«— by —>| b /t <159
_I 0
T |;(§ 4<D/t<33
e 0,7<h,/b, <5
k 0,05< D/b, <0,41
v 6 =90°
r—12 E/f, >340(f, <593 MPa)
Complex lips of
lipped channels
bo D,/t<34
— D,/D<2 not applicable
n 0 5 D, /t <34
D3L03 0] D,/D<1
P le——
Do
Lipped channels with h /t < 489
web stiffener(s) b/t <
1
_78 6<D/t<33
13<h,/b, <2,7
ho > 0,05< D/b, <0,41
JL ' max. 2 stiffeners
—1? E/f, >340(f, <593 MPa)
Z-section h, /t <137
b, >/Q\ b, /t < 56
T 0<D/t<36
he 15<h,/b, <2,7

0<D/b, <0,73
o ?ﬁ 6 = 50°

E/f, >590(f, <345 MPa)
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Table 8. Pre-qualified columns (Part 2/2).
_ Sections AISI S100 limits AS/NZS 4600 limits
in compression
h, /t <51
_ Rack upright by /t < 22
bo i . 9< D/t <8
¥ See Lipped 21<h./b. <29
T I—?— I_ITDZ channel with <o /by <2
hy complex lips 1v6<;’z/D <20
D,/h, =0,3
L f bl [ 0 = 50°
E/f, >340(f, <593 MPa)
h, /t <50
Hat b, /t < 20
k2
TD 4<Djt<6
T 1<h,/b, <1,2
hU
D/b, =013
_L 0 =50°
! E/f, >428(f, <476 MPa)
Table 9. Pre-qualified beams (Part 1/2).
_Sections AISI S100 limits AS/NZS 4600 limits
in bending
Hats (decks) with stiffened h, /t <97
flange in compression b, /t < 467
e 0<b,/t <26
T 3% ] 0.14 <h, /b, <0,87
Jhi 0,88<h, /b, <5,4 0,88 <b, /b, <4
ey E/f, >492(f, <414 MPa)
Trapezoids (decks) with stiff. h, /t < 203

flange in compression

T
r )

by /t <231 42 < (h, /sin 8)/b, <191
11<h,/b, <338
max. 2 stiffeners per element
52°< 0 <84°
E/f, >310(f, <655 MPa)




Ysar

RESEARCH REPORT VTT-R-03253-13
28 (57)

Table 10. Pre-qualified beams (Part 2/2).

Sections

i . AISI S100 limits AS/NZS 4600 limits
in bending
Lipped channels h, /t <321
~— b » by /t <75
Ly X
T IJg 0<D/t<34
hy 15<h,/b, <17
k 0<D/b, <0,7
p 44° < 9 < 90°
B % E/f, >421(f, <483 MPa)

Complex lips of
lipped channels
bo

v

D, Lﬂa U,z{,

e
D>

Lipped channels with
web stiffener(s)
«— by

D,/t<34
D,/D<2 _
D, /t <34 not applicable
D,/D<1
h, /t <358
b, /t <58
14< D/t <17

55<h,/b, <117
0,27 < D/b, < 0,56

L ‘ 0 =90°
—1? E/f, >578(f, <352 MPa)
Z-section hy /t <183
b 2D
T 10< D/t <16
h 25<h,/b, <41

0,15<D/b, <0,34
36° <6 <90°
E/f, >440(f, <462MPa) E/f,>400(f, <462 MPa)

Complex lips of
Z-sections
bo

v

D, Lﬂa U,z{,

e
D>

D,/t<34
D,/D<2
D, /t <34
D,/D<1

not applicable
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Appendix B: Closed-form elastic buckling solutions

Local buckling
(a) element method

A conservative approach assumes that the critical elastic buckling load o is the
smallest buckling load of the cross-section plate elements oz e (EQs. (25) and
(26)) with hinged corners. Alternatively, it can be calculated as the weighted
average of plate critical loads which may results in higher prediction in some
cases. The values tg and be stand for the element thickness and width
respectively. The factor k is usually 4 for intermediate and 0.425 for outstanding
elements. This approach is discussed in more detail in Appendix C.

z / crel eI

oy, =Min(o, ) or o, b, (25)
el
oy —k—"2E [l 2 (26)
cr el 12(1_ﬂ2) bel '

(b) interaction method for lipped channels

More accurate prediction can be achieved by taking into account the interaction
between section elements. Such methods are, however, restricted to the certain
cross sections. In this example the flage-lip (f-I) and flange-web (f-w) interaction
of lipped channel is calculated [3].

Gcr,l = min(gcr,f—Uo-cr,f—w)' (27)

9 2
o -k _TE [t
cr,f-I f-Il 12(1—/.12) bo
o =k —ﬂZE lz
cr,f-w f-w 12(1—/12) bo .
DY D D
kf_lz_n,m(_] +395( ] +4 [_}0,6
bo b 0
0,47]
4)2—- by —0 Whe —0 29
h b, (29)

h 0,2
42— (—0) else
bO
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Distortional buckling

The manual calculation of distortional buckling in Eurocode is based on isolation
of edge stiffeners that consists of section flange and lip and then calculation of
their sectional properties (As and Is) and rotational spring stiffness K.

2.[KEI
O-cr,s =
A

Similar methods are implemented in EN 1993-1-5, AS/NZS and AISI standards.
The calculation of critical load of lipped C and Z sections is developed in [3]. The
results can be used for DSM application or for the stiffener thickness reduction as
in EN 1993.

(30)

Overall buckling

For columns subjected to overall buckling, the critical stress is always the smallest
of critical stresses of all possible overall failure modes. Depending on the cross-
section shape, it could be flexural buckling to y or z axis ok, torsional buckling
or or torsional-flexural buckling orry). The support conditions are taken into
account by reducing or extending the critical length to y and z axis Lery) and in
torsion Le; .

o 7°E
Ey(Z) = ﬁ " (31)
(Lcr,y(z)/'y(z))
1 7°El,, _ —

i :R(G't L—] where i = i+ 0+ @)
1 2

O-TFY(Z) = T[(GEy(z) + GT ) _4ﬂy(Z)GEy(Z)O-T :| Y Where (33)
y(2)

B, =1-(z,/i,)" and B, =1—(y,/i, ).
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Appendix C: Example calculations of studied cross-sections

The following calculation protocols were automatically generated by Python
script producing TeX document and converted to pdf format. The idea was to
provide a simple tool that is able to produce calculation protocols of most of the
current design methods that can be easily applied to any cold-formed cross-
sections. The resistances of Section A and Section B are calculated with effective
length 1.0 m and material thickness 1.0 mm.
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Compressive strength of Section A
(Liped channel 72x36 mm)

Petr Hradil

March 28, 2013
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1 Compression resistance according to EN 1993
rules for stainless steel

1.1 Cross-section classification
Upper lip: ¢/t = 15/1.0 = 15.0 = 11.3 Class 4
Upper flange: e/f = 36,/1.00 = 36.0 = 20.0 Class 4
Weh: ot = TZI."I.{I = 720 = 20.0 Class 4

Lower flange: e/t = 36,/1.0 = 35.0 > 209.0 Class 4
Lower lip: e/t = 15/1.0 = 15.0 = 11.3 Class 4
Class 4 cross-section.

1.2 Gross cross-section

Areal = 169 mm?®
m

Agah =3 byfi = 174 mm?
i-1

Igahz = 149352 mn®

Iy ahy = 37548 mm?
P

& = 0435 — 0.031 (EN 1993-1-3 (5.1))
2 bpa

L |
Ag = Ag n(1 — 8) = 174(1 — 0.031) = 169 mm?
Iz =Ig b (1 — 28) = 149352(1 — 2-0.031) = 140121 mm*
Iy = Igehy(l — 25) = 37548(1 — 2. 0.031) = 35227 mm*

1.3 Effective cross-section

xd = 0.936 after 2 iterations

1.3.1 Upper lip

ks = 0.430 (EN 1903-1-5, Table 4.2)

Bt 14/1.0
Ap = Xagmac ey = 090 e = 0742
for outstanding clement p = i‘;’? — LA Lo - A — 0,035 (EN 1903-14)

1.3.2 Upper Hange

kz = 4.000 (EN 1993-1-5, Table 4.1)

B it _ a4/10
Ap = Yimma = Mg A0 i
for internal element p = u—;‘? — Eg—’ = %"";?gg - g—é{é% = 0,871 (EN 1993-1-4)

34 (57)
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Bl

_

Figure 1: Effective section of Lipped channe] 36.0x72.0x15.0 1.0 mm
Newt = (Gl + S5) = grbres (76023 - 56  T20UEIS0TESE) _ g ¢ N
g=1- [%:}!—Duﬂ
NE,;}';.' = %E[Ncr:?' + Nc,.'._, - 'o,-"r[Ner,'T' + Nﬂlg}! - d.SNcr,T'Ncr,!] = 30.9 kN
Ner = min(Neew 7, Nepy) = 30,9 N (singly symmetric section)
= }-‘@ N L8380 _ g g6p
d=z(1 + oA — J.u}+ J.!} = 2(1 + 040086 — 0.4) + 0.86%) = 0.985

x= a_:F# ] |:-95+E'E*.155 TEer = L x = 0.685
Nb gtk = xA fy = 0.68 - 119 - 260 = 20.3 kN
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2  Compression resistance according to EN 1993
rules for carbon steel

2.1 Cross-section classification
Upper lip: e/t = 15/1.0 = 15.0 = 13.6 Clazs 4
Upper flange: o/t = 36/1.0 = 36.0 < 40.7 Class 3
Wik cfi = TZI."I.G = T2.0 = 40.7 Class 4

Lower Hange: eff = 36/1.0 = 36.0 < 40.7 Class 3
Lower lip: o/t = 15/1.0 = 15.0 = 13.6 Class 4
Class 4 cross-section.

2.2 Gross cross-section
Areal = 169 m®

m
Agsh =Y lyfi = 174 mm®

f=1

Igah.z = 149352 mm?
Ig aty = 37548 mm?

ok
£ =043 — 0031 (EN 1993-1-3 (5.1))
3 bpa
=l
Ag = Ag (1 — §) = 174(1 — 0.031) = 160 mm?
Igr =1Iganz(1 - 25) = 149352(1 — 2.0.031) = 140121 mm*
Iy = Ig.shg(1 — 26) = 37548(1 — 2 0.031) = 35227 mm*

2.3 Effective cross-section

yvd = 0.944 after 2 iterations

2.3.1 Upper lip
ks = 0.430 (EN 1993-1-5, Table 4.2)

By 14710
dp= Xdgma  h, — u'mzs..t.u;:l?.ﬁ.; = 0738

for outstanding element and Ap < 0.748 p = 1 (EN 1993-1-5 (4.3))

2.3.2 Web

kp = 4.000 (EN 19893-1-5, Table 4.1)
T _ bt TogLo B

Ap = T — WADmVEE — o1
for internal element and A, > 0.673

o J.,_,_n.uff[a_;r:. _ ].2S—Diu:§5£3—].ﬂ:l = LG43 (EN 1993-1-5 (4.2))
7 :
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2.3.3 Lower lip
ks = 0.430 (EN 1993-1-5, Table 4.2)

ﬁ'l_'!- 14410
Ap = x'iZE.-H: > = D-QMZEA-D.'B?- 4 = 0.T38

for outstanding element and Ap < 0.748 p = 1 {EN 1003-1-5 {4.3))

2.3.4 The effect of edge stiffeners

ﬂ'm.J':“.d = j%;Dz.GD.DDD MPa
kf = E::} = m = 1.000

K= Eg? 1 _ 200000.1.07 1 — 041
= A1 Bhe+F 2050 h,ky . 4(1-037) ~ 317724809 305-81.30L721 — -
TL /T LIS _ 472 3 M Pa

— 2 —
Ters = =4, =

N — 600

da=fai = /i =0 :
xd=1,47 — 0,7230g = 1,47 — 0,723 - 0.7 = 0.044 for Az < 1.38
Agred = XdAs = 0044 - 330 = 283 mm?

B

_

Figure 2: Effective section of Lipped channel 36.0x72.0x15.0 1.0 mm

2.3.5 Sectional properties

Agpp =141 mm?

I epp = 144089 mm*
Iyefy = 31183 mm?
£y = L.BT mm

2.4 Member buckling resistance

Buckling curve d, o = 0.76, Ay = 024, =, Ji2 + i4ai= VIZOE F 1407 + 13.6° =
48T mam
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. g z .
Ner,s = Tite — X 200000 LUDBD _ 334 4 kN
Nerg — t_I,% _ stawomans _g) gy

New = (Gl + 52 ) = o (76023 - 56 | TEOURSSTES ) _ 4.7 kN
f=1-(F)* =052
Neeqr = 55INer + Nerz — Nerg + Nor 27 — 48N er 7 Ner 2] = 413 kN
Ner = min|Nepg . Nery) = 41.3 N (singly symmetric section)
i= 1,-'“:_’“, = |/ i — ooz
é=L{1+a(d- i)+ 3) = 11+ 0.76(0.92 — 0.2) + 0.02%) = 1.200
_ 1 . 1 - N E
X= 7Fmw - Tmraaeee - X =0.508

Ny i = ¥Afy = 0.51 - 141 - 250 = 17.9kN
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3 Compression resistance according to ENN 1903
rules for stainless steel modified by Talja and
Salmi

3.1 Gross cross-section
Apeal = mg mm*
Ageh = E byfi = 174 mm?®

Igahz= ]d.EL'I 2 mm?
fgl,,f.:y = ET.AS mm?

ok
8 = 0.435—— — 0.031 (EN 1993-1-3 (5.1))
e
Ag = Ag (1 — §) = 174(1 — 0.031) = 169 mm?
Igr = Igahz(1 — 28) = 149352(1 — 2-0.031) = 140121 mm*
Ipy = Ig ahy(l — 26) = 3T548(1 — 2. 0.031) = 35227 mm?

3.2 Member buckling resistance
o =049, J; =0 -1
ig = +|9 =207+ 4.0 + 33.6° = AT.3mm

nr El *mmnu-lmaaz _ nr

Nerz _“—;:—: T = 204.8 kN

Nery = 2 o — I J00000ITEEE _ T4.1 kN
ary

ro. - TEL i 2 . E1SGTESS .
Neng = (Gl + =) = grags (70023 - 56 + TINRER0RE) — 475 kN
a ‘gD
B=1-(2)=0495
NerTr = ?:_lg[."\"cp:?' +Nerx — of (Nee + Nerz)F — 48Ner 7 Nerz] = 436 kN
Ner = min(Neeq 7, Nery) = 43.6 EN (singly symmetric section)

A= -'_sliih _ .'15925:- — 0084
d=z(1 + A — J.u} + J.!} = {1+ 0.49(0.95 — 0.4) + 0.898%) = 1127
4-_:-_"&2 1. La+ﬁla!_u~:la! =1lx =0.507

.N"

3.3 Cross-section classification

Upper lip: ¢/t = 15/1.0 = 15.0 = 11.3 Class 4
Upper flange: e/f = 36/1.0 = 36.0 = 20.0 Class 4
Wik cfi = TZI."l.ﬂ = 7200 > 29,0 Class 4

Lower flange: e/t = 36/1.0 = 36.0 = 20,0 Class 4
Lower lip: e/t = 15/1.0 = 15.0 = 11.3 Class 4
Class 4 cross-section.

39 (57)
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3.4 Effective cross-section

xd = 0,945 after 4 iterations

3.4.1 Upper lip
Im' = 0.430 (EN 1993-1-5, Table 4.2)

byt 14/1.0
- kw'_mft)r = 0.945+/T.507 m‘fw_\,ﬂ = L5T1

fc-r outstanding element p = 1 (EN 1983-1-4)

3.4.2 Upper Hange
k, = 4.000 (EN 1993-1-5, Table 4.1)
Ap = Xy T grpeoe = 0.045/0.507 —“-"“-“—",ﬁ — 0.454

28.4.0.97.
for internal element p = “-% - EE— = -,:m‘l — 222 — 0.084 (EN 1093-1-4)

3.4.3 Web
k, = 4.000 (EN 1993-1-5, Tahle 4.1)

dp= gl = ﬁfn_ag?——;._””_-" = 0.985
I AL R !E.d-lll.u":l‘.'l- 4.0 .70 a1

for internal element g = "1'? - = 5% — Goar — 0.604 (EN 1993-1-4)

3.4.4 Lower flange

k, = 4.000 (EN 1903-1-5, Table 4.1)
R = Xt/ Mg = 004505072418 _ _ 1.454

_orm _ oad UEERY aams _ 1 B}
for internal element p = o "als i + = 0,084 (EN 1093-1-4)

0.45 0.45

3.4.5 Lower lip

k; = 0.430 (EN 1903-1-5, Table 4.2)

T bie - 14/1.0

Ap = k":ﬁﬂ&w"ﬁ? = 0.945+/0.507 WAL T = 0.571
for outstanding element p = 1 (EN 1983-1-4)

3.4.6 The effect of edge stiffeners

r?',mjmg = er = Z.JU 000 M Pa
by = 3_-'-'- = = 1.000

K= E 1 _ 200000.1.07 1 — .41
A1—T)  Bh FFI050 A ky — 4[1-037) 8175734303053 31751

Ferg = E EA’ 740 — 4734 M Pa

' 1.1'"17,-..3 - v !El:l 0 = 0,727

g =147 — n.?z:u.d = 1,47 — 0, T23 - 0.7 = 0.945 for Jy < 1.38
Agredt = YarAa = 0.945 - 32.7 = 28.1 mm?®

10
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= 28.1 mm*

B

.

Figure 3: Effective section of Lipped channel 36.0x72.0x15.0 1.0 mm

3.4.7 Sectional properties

Agpy =136 mm?

Iz epp = 142221 mm*
Iyefy = 30414 mm?
£y = 2.2 mm

NEI,HE = }.A.fg = 0.60 - 136 - 260 = 20.4 kN

11
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4 Compression resistance using DSM according
to Becque et al. for EN 1993

Areal = ].FEQ mm
Agsh =3 byti = 174 mm?
i-1

Igahz = 149352 mm?
g ay = 3T5E mm?

Yok
4 = 0435—— =0.031 (EN 1993-1-3 (5.1])
o
Ag= As.:;,.,[l — &) = 174(1 — 0.031) = 169 mm?
Igz =g anz(1 — 24) = 148352(1 — 2. 0.031) = 140121 mm*
Tgp = Igshg(l — 28) = 37548(1 — 2. 0.031) = 35227 mm?*

4.1 Distortional buckling

by = = B = .00
K = _Ef _ 200000107 1 — 07T
=T Fhe iR T n Bhibghuk; 4[1-08%] 2010430305088l | -

VEET: zm — 456.8 M Pa

A=yl f':__—u?-u:

Fyred = (o — 0203 f — 216 MPa for A > 0.533
"-b—fymA—'Z]ﬁ 169 = 36.5 BN

4.2  Owerall and local buckling interaction

E T
Ter = kuﬂ (3 = 405 S () = 308 M Pa

(for Web) o = 0.49, A = 0.4
ig = .,_.-n,+|= + 72 =IO + AP + 3367 = 4T3 mm

- P 5 T
"'crr — 7r IsI; !DDI\.:II;);]HQB@! — 2048 kN

-:1-:

AT _ fEly _ ramoo0.avseE L T
-"'-:r.a'— I _‘—IE—_Td.lL'\

Newr = H(Gl + T ) = ke (76023 - 56 | TIDUOEISTRS) _ 47 5 kN
g= 1—|_;:]F—u-19.J

Ner# = g5[Nen® + Nerz — / (Ner + Nerz ]2 — 48Ner,t Ner 2] = 43.6 kN
Ner = min(Nee7 7, Nery) = 43.6 EN (singly symmetric section)

= @ .,_,"’m 0,084

z(l+ afd— do) + ﬁ.“% 3(1 4 0.49(0.98 — 0.4) + 0.98%) = 1127
T/~ e & Lx = 0597

A= v%: 'fu——’g_saglﬂ= [N

fyred = {ﬁ'}—_uﬁ— ﬁ?!gm:lfy = 238 M Pa for A = 0.550

o el

12
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24.0kN
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5 Compression resistance using CSM

Ter = ki (3 = A0 (42)° = 308 M Pa

-."p '5.',-{;\; y% 0.901
Agg = maz{Ay) = 0.901 for Web
fam. _ % = pany = 0365 < (15,5 L)

Fesm = fy + Egney( 2= — 1) = 250 + 2355 - 0.001{0.365 — 1) = 248.120 M Pa
Neem e = fesmA = 250 - 160 = 41,807 kN

6 Effective sections reduction factors

EN 1903-1-4 width reduction
0.0 mm | 1.0 mm | 1.5 mm
Weh 0.2G4 0ABD 0LETE
Upper lip 0.734 0935 1.000
Upper Hange | 0.67E 0871 1.0:00
Lower fange | 0.6TE 0871 1.0:00
Lower lip 0.734 0.935 1000
EM 1993-1-4 thickness reduction
0.5 mm | 1.0 mm | 1.5 mm
Upper lip 0.682 0.936 1000
Upper fange | 0.682 0936 1.0:00
Lower Hange | 0.682 0936 1.000
Lower Tip 0.682 0936 1.000

EN 1993-1-1 width reduction
0.5 mm | 1.0 mm | 1.5 mm
Weh 0358 0G4S 0,872
Upper lip 0.T65 1000 1000
Upper Hange | 0.867 1000 1000
Lower fange | 0,867 1.000 1.000
Lower lip 0.TG5 1000 1.0

EN 1993-1-1 thickness reduction
0.5 mm | 1.0 mm | 1.5 mm
Upper lip 0600 0044 1000
Upper fange | 0.600 0.044 1.000
Lower fange | 0.690 0944 1.0:00
Lower Tip 0.6480 0.944 1.000
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Compressive strength of Section B
(Lipped channel 24x72 mm

Petr Hradil

March 28, 2013
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1 Compression resistance according to EN 1993
rules for stainless steel

1.1 Cross-section classification
Upper lip: e/t = 15/1.0 = 15.0 = 11.3 Clazs 4
Upper Aange: eff = 24/1.0 = 24.0 = 20,0 Class 3
Web: ¢/ = TZI."I.EI = T2.0 > 29.0 Class 4

Lower flange: e/f = 24/1.0 = 24.0 =< 20.0 Class 3
Lower lip: ¢/t = 15/1.0 = 15.0 = 11.3 Class 4
Class 4 cross-section.

1.2 Gross cross-section

Areal = 145 mm?®
m

Agsh = % byti = 150 mm?®
i-1

Igahz = 118246 mm?

Ipahy = 153[!‘? mm?
3. ravh

&= 0435 — 0.036 (EN 1993-1-3 (5.1))
2 b

EE |
Ag = Ag (1 — &) = 150{1 — 0.036) = 145 mm?
Igz =Igan.2(1 — 28) = 118246(1 — 2. 0.036) = 109711 mm*
Tgp = Tgahg(l — 26) = 15307(1 — 2 - 0.036) = 14202 mm*

1.3 Effective cross-section

yd = 1.000 after 1 iterations

1.3.1 Upper lip
ke = 0.430 (EN 1993-1-5, Tahle 4.2)

5 byt 1410
Ap = WA JE = mmanm oT — 180

for outstanding clement p = 3‘.!';'?' - E.I!.:'-:'!i = DI'T'TD'E - -ﬂf—%} =0.901 (EN 1903-1-4)

1.3.2 Web
kp = 4.000 {EN 1903-1-5, Table 4.1)

3 bt TO/00
M= B = maoer/AE 1276 )
for internal element p = ﬂ—;% - 1;;?— =473 _ 015 _ .480 (EN 1003-1-4)
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1.3.3 Lower lip
kg = 0.430 (EN 1993-1-5, Table 4.2)

3 Byt 14710
Ap= Tk — mangr oE = 182

for outstanding element p = _1'1.;-? - %";’fl =28 — 128 —0.001 (EN 1993-1-4)

1.3.4 The effect of edge stiffeners

ﬂ"e-:lm.Js.d = f!g; 250,000 M Pa
ky =42 = 1.000
SZHHIIZIID

K = B =0.05
i m = F-usT mmr!mzrzrm
Oens = ﬂ ﬁ 2 00000 508 — Ti54.6 M Pa

- - R o

¥d = 1.0 for Ag < 0.65
Agped = YdAs = 1000 - 25.6 = 23.3 mm?

[ ]
L

Figure 1: Effective section of Lipped channe]l 24.0x72.0x15.0 1.0 mm

1.3.5 Sectional properties

Agpp = 106 mm®

Iz epp = 113080 memn®
'irl'uf.”' = 11325 mm?
g = 2.4 mm

1.4 Member buckling resistance
=049, kg =04

in = ,Is‘i + i + 2§ = 3267 + 10,37 + 22.3° = 40.8mm

4




RESEARCH REPORT VTT-R-03253-13

49 (57)
Nopp — TEl: _ n%300000- 113080 _ 99q 3 L
e =R T e T
Nerg _t_;:_I: _ EIAMONLIE _ g9 4 kN
Nepr = -:IGJ'; + I:I T aac Taae 10923 - 48 + H—MEEM] = 2TIEN

g=1- |ﬂ T = 0.703

Nerrw = 2olNerw + Nerz = TNert + Ner 2P — 3BV o7 Nor 2] = 26.3 kN
Nep = mi'n[ Neew#.Nory) = 224 kN (singly symmetric section)

A= y pne *W ~ 1.080

é =41 +r.':[}|. ,5.,,}+ A“j = (14 0.49(1.00 — 0.4) + 1.00%) = 1.263

_ 1
X iR AF  LEEHL ‘!E!—LEI!I! = 1x =0.526
N g = xAfy = 053 - 106- 250 = 140 kN
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2 Compression resistance according to EN 1993
rules for carbon steel

2.1 Cross-section classification
Upper lip: ¢/t = 15/1.0 = 15.0 > 13.6 Class 4
Upper flange: /f = 24/1.0 = 24.0 < 40.7 Class 3
Web: ¢/t = 'i’?l."l.[l = T2.0 > 40.7 Class 4

Lower Hange: e/f = 24/1.0 = 24.0 < 40.7 Class 3
Lower lips e/t = 15/1.0 = 15.0 > 13.6 Class 4
Class 4 cross-section.

2.2 Gross cross-section

Areal = 145 mm?
m

Agsh =¥ byti = 150 mm?
i—1

Igahz = 118246 mm?®
I g ahy = 15307 mm?

sk
§=04352  —0.036 (EN 1993-1-3 (5.1))
» by
F S
Ag = Ag (1 — 8) = 150(1 — 0.036) = 145 mm?
Igz =1Iganz(1 —28) = 118246(1 — 2. 0.036) = 109711 mm®
Iy = Igshyll — 26) = 15307(1 — 2 - 0.036) = 14202 mm*

2.3 Effective cross-section

yd = 1.000 after 1 iterations

2.3.1 Upper lip
= 0.430 (EN 1993-1-5, Table 4.2)

ﬁp WA = maasmgeT = 0782

for outstending element and Ap = 0.748

o= b_-féﬁ — DIE_D8s _ g7] (EN 1993-1-5 (4.3))

2.3.2 Web
kg = 4.000 [EN 1903-1-5, Table 4.1)

70,10
‘11’ 15.4.::-‘1 = IADAT a0 L.276
for internal element and Ap = 0.673

Py J-;-—E'-ﬂ:fia—l,'-':l = LB DIE — 0,649 (EN 1903-1-6 (4.2))
P




RESEARCH REPORT VTT-R-03253-13
51 (57)

2.3.3 Lower lip
by = 0.430 (EN 19093-1-5, Table 4.2)

3 b/t 14/1.0
A = el = Taosran = 0782

for outstanding element and Ay = 0.748
o= b——fél—"" — DTED18E _ ) g7) (EN 1993-1-5 (4.3))

2.3.4 The effect of edge stiffeners

D’m_ﬂd=_j’ = 2500000 M Pa
kp =4 = 28 — 1 000

Aay OB
K = T 1 _ zonooo.1.pf 1 — 094
=M BhetF 4050 khaky 41087 ~TI°T2330 305 STl

2/EET, _ @ = 804.7 M Pa

Tere = = 4,
N I _ 600 _ nEE
Ay = Terps Y BOLT = 0557

wd = 1.0 for Ad < 0.65
Ay red = XAy = 1LO00 - 26.6 = 24.2 mm?

Figure 2: Effective section of Lipped channel 24.0x72.0x15.0 1.0 mm

2.3.5 Sectional properties

Aepp = 119 mm?
Ipepp = 116630 mm®
Iyerp = 128048 mm?
ey = 1.6l mm
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2.4 Member buckling resistance

Buckling curve d, o = 0.76, Ay = 0.24; = V 2+ z'ﬁ + 22 =ILIF + 1047+ 223 =
JBmm

Ners = T8l _ rlao00m116630 _ 930 2 N
Nerg — 'I:I"Ih':r _ I:Tﬁ-lﬂﬂ-ﬁ- —9n.6 kN
Ty :

r [ TEL - L r
Nery = #(Gl + ) = g (76923 - 48 4 TIREROIH0A) — 28 8 kN
f=1- () =0.686
Nex# = mglNent + Nerz — /TNerw ¥ Nop o F — 88N o7 Nop 2] = 27.6 kN
Noe = min(Neer 5. Nopy) = 25.6 kN (singly symmetric section)

f;}_u] —  f L2360 _ g peg

[ T
(1 +afh— Ag) + A = £(1 4 0.76( 108 — 0.2) + 1.08%) = 1.418
L = e < 1x = 0.428
4:._:;,,!.2__5'5 LAZ441 425108 — h
N e = xAfy = 0.43 - 119 - 250 = 12.8 kN

A
@
X
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3 Compression resistance according to EN 1993
rules for stainless steel modified by Talja and
Salmi

3.1 Gross cross-section
Apgal = 145 s
Ag b = E byti = 150 mm?®
]]SZd.G mm
15307 mm?
¥ rtk
& =043 — 0035 (EN 1903-1-3 (5.1))
Ei h}'l'
Ag = Ay (1 — 6) = 1501 — 0.036) = 145 mm*
Igr =Igan=(1—24) = 118246{1 — 2. 0.036) = 108711 mm?
Tgy=Igahyll —28) = 15307(1 — 2 - 0L03E) = 14202 mm*

-irg'.m'n:!
Ty ey

3.2 Member buckling resistance
=049, }g =04
ip = iz 2+ | + :r = I2EFE + 0.+ 2. F =aT.Tmm

ElL ; wlO00000- 118346 __ N
Nerz = WI:‘:!F == awt = Z334kN
Nerg = St — 0000015307 _ 37) 3 |
aryy

r 2y . . ;
Nerw = (0l + =) = grgeee (76923 - 48  TENORIANEE) — 321 kN
B=1- [;g}“ = 0LA50
Nerr = %g[."'!'—cr:?' 4+ Nerx — of [NerT + Ner 2P — 48Ner T Nor 2] = 305 EN
Nor = min(Nee7 7. Nory) = 30.2 kN (singly symmetric section)

jl_ ."_slitI= Ill.l.'usnsn_][md

BITIAE
@
X=

[1+rx[i J.u}+}'.=j|— 3(1+ 0.49( 109 — 0.4) + 1.097) = 1.269
m = T Ly =052

3.3 Cross-section classification

Upper lip: e/t = 15/1.0 = 15.0 > 11.3 Class 4
Upper flange: e/ff = 24 /1.0 = 24.0 < 20.0 Class 3
Web: off = T2/1.0 = T2.0 = 29.0 Class 4

Lower fange: e/f = 24/1.0 = 24.0 =< 20.0 Class 3
Lower lip: e/t = 15/1.0 = 15.0 = 11.3 Class 4
Class 4 cross-section.
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3.4 Effective cross-section

yd = 1000 after 1 iterations

3.4.1 Upper lip

by = 0.430 LEN 1993-1-5, Table 4.2)

TR L L
J‘P ‘-"Tzauv’ﬁ, Ty v Rk
for outstanding element p= 1 (EN 1993-1-4)

3.4.2 Weh

ke = 4.000 LEN 1903-1-5, Table 4. 1:I
™m0
by = gt = VSIS ﬁ}—m—n

=0
for internal element p = 2722 ST ol 0.636 (EN 1983-1-4)

*‘F.
3;
b

3.4.3 Lower lip

by = 0.430 LEN 1903-1-5, Table 4.2)

Ap = \'"Tzs.u-_v’i, V055 zsdunnﬁ'ﬁ = 0566
for outstanding element p = 1 (EN 1993-1-4)

3.4.4 The effect of edge stiffeners

I'Fgmjhf = _]r%u_— 250,000 '1-.FPI'1
ky = sz — 20 1 oo
r B 200000.1.07 — 003
':.:175 PRI RASE, — ST T
= /S ER _ 5205 M Pa
dg= .'I_ .'zsn.u=n_552

xd = 1.0 for A4 < 0.65
Agred = xdde = 100D - 27.0 = 245 mm?

3.4.5 Sectional properties

Ay = 113 mm?

Iz cpp = 116851 mm*

Iy = 13003 mm?

£y = L.7Emm

Nhlj'u = kAfH =0.52-110. 250 = 15.6 &V

10
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Figure 3: Effective section of Lipped channe] 24.00cT2.0x15.0 1.0 mm

4 Compression resistance using DSM according
to Becque et al. for EN 1993

Apegr = 145 mm?
™
Agh = ._-E| byti = 150 mm?

Ig.ahz = 118246 mm”
I ahy = 15307 mm?

Yk
§ = 04385 = 0.036 (EN 1003-1-3 (5.1])

5 by

Tl
Ag = Ag (1 — &) = 150(1 — 0.036) = 145 mm?
Igz =Igan=(1—28) = 118246(1 — 2-0.036) = 109711 mm*
Tgy = Ty chp(l — 28) = 15307(1 — 2 0.036) = 14202 mm*

4.1 Distortional buckling
ky =42 =52 = 1.000
K= Ei? _ 200000.1.07 1 — 16D
= -1.[1-3‘*:. ﬁ,‘h,+& -u Bhbahuly; —  4(1-037)  TregI+lr 30507000l
\.-'—
2 L. & MOOO-B0Z —821.0M P

:n' = (L.G52
020 )f, = 248 MPa for A > 0.533

-F‘.rfﬂf {D.EE L
= fyredA = 248 - 145 = 350 kN

ﬂ":'r'k =

11
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4.2  Owerall and local buckling interaction
Top = "’%r(i]i = wm[m )% = 308 M Pa

(for 1Ir‘.l'rl:]:l] e = 0.49, Ap = (L4

ip = /12 + |9 + 13 = V2B + 0. + 2.3 = 37.Tmm

AT _ XE I ODONHN-11E246 AT
N orr = “T;:_:. “—L!— = 233.4 kN
AT _ TEly _ ra0o00.15307 I\
Nepy = _f."-'r_: — DA I 502 kN
a -
"'-m-‘? _ -zlfr'fz + ¥ M.,] _ _:| ,(Tm23-48+ x muum.'zuudnu] — 321 kN

g=1- |_;:}“—usm
NeeTr = %E[."\rﬁ":?' +Nerx — 4 [NerT + Nerz | — 48Ner Ner 2] = 305 EN
Ner = min(Neew ¢, Nery) = 30.2 N (singly symmetric section)

A= fab — F.-' s = 1095
¢=3(1+ ol A — Ao} + A’% =114 0.49(1.09 — 0.4) + 1.06%) = 1.269

X= PR T ~ Tt I 1on 1y =0523
| {0.523-250
A= 1,-'3-5‘—:5 =/ =Emm =

= 0.651

f&l:fﬁ={£|§w Em}f;.—ZdefPﬂfOrl}ﬂhhﬂ
Nb = x fyredd = 0L523 - 247 - 145 = 1B.TEN

12
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5 Compression resistance using CSM

er = bpefrlr ()7 = 405220000 (L0)7 — 308 M Po
dp =\ =/ = 00
Mg ;'.'ruJi;-;}.F:- 0,901 for Web
*-::, J-::.’..-..L L I::I‘-Jlliql 0.365 < (15, - rl,,r l:LIII giﬁaﬁ]

b Egpe, fem — 1) = 2580 4 2355 - 0.001{0.365 — 1 248.120 M Pa
feam .irl_a ehEyl = ! A

Neem e = fermA = 250 - 145 = 35,041 kN

6 Effective sections reduction factors

EN 1003-1-4 width reduction
0.5 mm | 1.0 mm | 1.5 mm

Wek 0.264 0.489 0.6TE
Upper ip | O.696 | 0001 1000
Upper Hange | 0802 1000 1.0
Lower Hange | 0.802 1.000 1000
Lower lip 0,636 0.901 1.000
EM 1903-1-4 thickpess reduetion
0.5 mm | 1.0 mm | 1.5 mm
Upper lip 0.825 1.000 1000
Upper Hange | 0.825 1.000 L0000
Lower Hange | 0.825 1000 1.0
Lower lip 0.825 1.000 1.0
EN 1993-1-1 width reduction
05 mm | L0mm | 1.5 mm
Web 0,358 0.G49 0872
Upper lip | 0.660 | 0.071 1000
Lower Tip 0,660 0.971 1000

EMN 1993-1-1 thickness reduction

0.5 mm | 1.0 mm | 1.5 mm
Upper lip 0.&28 1.000 1.0

Upper flange | 0828 1.000 1L.000

Lower flange | 0.528 1.000 1000
Lower lip 0528 1.000 1.000
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