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Abstract

At present, EC3 provides several methodologies for the stability verification of members and
frames. Each of these methodologies has its own scope of applicability. The rules provided in
clause 6.3.1 are for flexural buckling of uniform members and are based on the famous
Ayrton-Perry type of formulation which is of straight-forward application and it has a clear
mechanical background. Clause 6.3.2 of the Eurocode deals with lateral torsional buckling of
uniform members. In this thesis focus is given to prismatic beam-columns. They can be
designed using clause 6.3.3 which gives the interaction formulae for stability verification of a
member subject to bending moment and axial force; as an alternative — in clause 6.3.4 the
General Method is suggested. However, application of this method has been shown not to be
reliable in many scientific studies — either due to the lack of mechanical consistency or due to
the lack of clarification in adopting certain decisions for non-standard situations.

It was the purpose of this study to review the application of existing procedures for
verification of flexural and lateral-torsional buckling of simply supported prismatic beam-
columns. This included recent proposals for lateral-torsional buckling of beams (Taras, 2010),
the consideration of cross-section classification along member length (Greiner et al, 2011) and
safety assessment and comparison of existing procedures in EC3-1-1 by a parametric study
consisting of I-shaped cross sections ranging from class 1 to class 3, with different lengths,
loading types (uniaxial bending with axial force) and height over width (h/b) ratios.

Results from clauses 6.3.1 to 6.3.3, general method and GMNIA were calculated for 4144
cases. In comparison with results from 6.3.1 to 6.3.3, the general method is more unsafe. Its
results were found to vary with increasing cross sectional slenderness and increasing length.
On the other hand results from clauses 6.3.1 to 6.3.3 are more conservative. In comparison,
the general method was found to have a higher spread as indicated by the standard deviation
of its results than from 6.3.1 to 6.3.3. Results from general method varied when calculated
from different alternatives in the general method. When interpolation criteria was used in the
general method, the results were more un-conservative in comparison to the minimum
criteria. The spread of the general method included both safe and unsafe results whereas the
results from 6.3.1 to 6.3.3 remained mostly conservative.
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1 Introduction

1.1 Introduction

Section 6.3 of EC3-1-1 deals with buckling resistance of structural members. Buckling
verification of columns (members with axial compression only) can be done using section 6.3.1
whereas buckling verification for beams (members with bending moment only) could be done
using section 6.3.2. The rules provided in clause 6.3.1 for flexural buckling are based on the
famous Ayrton-Perry type of formulation which is of straight-forward application and it has a
clear mechanical background. For buckling verification of beam-columns (members with both
axial force and bending moment) EC3-1-1 provides two interaction formulae in section 6.3.3.
Satisfaction of both formulae leads to both in plane and out of plane buckling verification.
Application of 6.3.3 along with 6.3.1 and 6.3.2 are only valid for uniform members.

For structural components that do not come under the scope of these sections, Eurocode provides
an alternative method for out of plane buckling verification in section 6.3.4 — the general
method. However recent investigations have shown it not to be reliable in many scientific studies
— either due to the lack of mechanical consistency or due to the lack of clarification in adopting
certain decisions for non-standard situations.

This study aims to assess both these methodologies found in Eurocode.

1.2 Objectives

Following objectives have been set for this thesis:

i.  Review the application of existing procedures for verification of flexural and lateral-
torsional buckling of simply supported prismatic beam-columns. This includes recent
proposals for lateral-torsional buckling of beams (Taras, 2010) and the consideration of
cross-section classification along member length (Greiner et al, 2011).

ii.  Provide the scope of validation to existing procedures, class 1 to class 3 cross sections,
with different lengths, loading types (uniaxial bending with axial force) and I-shaped
cross-section with different h/b ratios;

iii.  Safety assessment and comparison of the existing procedures in EC3-1-1: interaction
formulae (clause 6.3.3) and general method (clause 6.3.4).

11
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1.3 Structure of the Thesis

The thesis consists of six chapters. Chapter 2 discusses and describes the different methods
presented in EC3-1-1 for stability verification for beam columns. Rules provided for limiting
case are also presented. In this context clauses 6.3.1 to 6.3.4 are discussed in Chapter 2. Chapter
3 discusses the numerical model used for numerical simulations; both the model and the
assumptions are discussed. Chapter 4 presents the defined parametric study, and describes how
resistances were calculated using different methods. Results and analysis is presented in chapter
5 and finally in chapter 6 conclusions are given.

12
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2 The Eurocode Methodologies

2.1 Introduction

EC3-1-1 provides two methods for stability verification of beam-columns. First one being an
interaction formula based on a combination of the resistance ratios between columns and beams
while the other one named as “General Method” is provided in clause 6.3.4 — the General
Method allows for safety assessment of out of plane stability of structural components that do
not come under the scope of applicability of clauses 6.3.1, 6.3.2, 6.3.3. In this chapter both of
these methods are presented along with limiting cases of column and beam (pure flexural and
pure lateral torsional buckling case).

Limiting case of column and beam are first discussed in sections 2.2 and 2.3 of this chapter.
Recent proposal for lateral torsional buckling in Taras (2010) is presented in section 2.4. Section
2.5 discusses the interaction formulae for beam-columns. Section 2.6 presents the general
method which is followed by a discussion on problems in general method in section 2.7.

2.2 Pure Flexural Buckling of Uniform Members

Column buckling is well studied,; its verification procedure given in Eurocode is based on second
order elastic theory and is well established (ECCS TC8, 2006). Clause 6.3.1 of EC3-1-1 gives
the procedure for verification against such buckling for uniform members.

Verification is done by ensuring

N
B <1 (2.1)
Np,rd

where

Ngq=Design value of compressive force

Np,ra=Design value of buckling resistance
Design value of buckling resistance can be calculated as follows:
For class 1, 2 and 3 sections

A = Aly (2.2)
Ner

— At
A = |y (2.3)
Ner

13
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_ _ 2
¢=0.5[1+a(7\ —0.2)+ X ] (2.4)

<1

1
X= =
—2 (2.5)
b+ [0t -7

and finally, for class 1, 2 and 3 sections

XAf,

Nb,Rd - —y (26)
YMm1
whereas, for class 4 sections
XAefef
bRd = . (2.7)
YMm1

Where,

A = Non-dimensional slenderness

N, = elastic critical force

a = Imperfection factor

x = Reduction factor
Imperfection factor a can be obtained from table 6.1 and 6.2 of EC3-1-1. It depends upon type of
cross section, thickness of cross section’s plates, buckling plane and yield strength.

2.3 Pure Lateral Torsional Buckling of Uniform Members

In a case where a structural member is only subjected to bending moment, it may buckle in
lateral torsional buckling mode. Buckling resistance check for uniform members in such a
loading is provided in clause 6.3.2 of EC3-1-1.

The verification for lateral torsional buckling can be performed by

M
Bd <1 (2.8)
My rd

Where
Mgq=Design value of moment

My, rq=Design value of buckling resistance which is given by
fy
Mprd = XLTWy —— (2.9)
Ym1

W= Wy, for class 1 and 2 sections, Wy, for class 3 and W, for class 4 sections
Non dimensional slenderness for lateral torsional buckling is defined as

— f
A = f% (2.10)
cr

M., could be calculated from the following relevant expression

m2El, (I, L2GI,
2 |1, m2ElL

14
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Two lateral torsional buckling curves are provided in EC3 under clause 6.3.2.2; Lateral torsional
buckling curves-General Case and clause 6.3.2.3; lateral torsional buckling curves for rolled
sections or equivalent welded sections-Special Case.

In the general case, equations that represent buckling curves are similar to those for column
buckling case. These buckling curves are intended to serve as lower bound in cases with uniform
bending moment in constant cross sections where more suitable lateral torsional buckling curves
cannot be applied (ECCS TCS8, 2006). These curves are represented by the following equations:

_ _ 2
¢LT S 05[1 + (XLT( A - - 02) + A ] (212)

LT
1
<1

XLT = <
, — 2 (2.13)
bur+ [dur”— A
LT

Recommended values for imperfection factor o are given in table 6.3 and table 6.4 of EC3-1-
1.

The second set of buckling curves is intended for rolled sections or welded sections of equivalent
shapes. These curves are derived such that higher buckling curves than column buckling curves
could be provided to include the favorable effects of torsional and lateral torsional rigidity
present (ECCS TC8, 2006) .

byr = 0.5[1 + ap (TLT ) m) YR ] (2.14)

1

XLT =

— = (2.15)
brr +\/¢LT2 -BA
LT

and
1

XLT S

A
LT

(2.16)

with recommended maximum value of A = 0.4 and recommended minimum value of § =
LT,0

0.75. Table 6.5 of EC3-1-1 gives recommendations for buckling curve.
The favorable effect on buckling resistance due to variable bending moment should be included

by dividing x.t with f to obtain x;t meq Which is then used to calculate My, gq.

X

XLT,mod = % <1 (2.17)

f=1-05(1—kJ)[1—2(A —08)?]<1 (2.18)
LT

where, k. is the correction factor whose values are to be obtained from table 6.6 of EC3-1-1.

15
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2.4 Recent proposal for Lateral Torsional Buckling Curves(Taras A, 2010)

The Eurocode approach to lateral torsional buckling is to treat flexural and lateral torsional
buckling behaviors alike assuming a similar behavior in the sense that it uses buckling curves for
flexural buckling with some modifications to be used for lateral torsional buckling (Taras A,
2010). These expressions for buckling curves have not been derived for lateral torsional buckling
but instead they were adopted from flexural buckling case. Taras(2010) however proposes
expressions for lateral torsional buckling curves; these in contrast have been derived in a
consistent manner for lateral torsional buckling. These give results much better than current
Eurocode curves when compared with GMNIA results (Marques L, 2012).

Proposed expression for reduction factor is given as

o)
XLT = <1

— 2 2.19
¢LT+\/¢LT2—(P7\L ( )

T

where

A 2

A e,0 LT

VA

@ is the load diagram factor and it takes into account the effect of variable moment across the
cross section and it has a value of 1.05 for parabolic, 1.11 for triangular and 1.25 — 0.1y —
0.15y? for trapezoidal bending moment where s is the ratio between maximum and minimum
bending moment.

In Eurocode, imperfection factors for lateral torsional buckling are defined for groups of h/b<2

and h/b >2. This makes possible to take into account the favorable effect of torsional rigidity but
2

A
by doing this we do not remain consistent with residual stress definition. | —L | term in the
A

Z

above equation accounts for torsional rigidity and thus makes possible to maintain grouping for
value of imperfection factor at h/b<1.2 and h/b >1.2. For hot rolled | sections with h/b>1.2,

apr = 0.12/Wy o1 /W, ¢ < 0.34 whereas for h/b < 1.2, apr = 0.16,/ W ¢ /W, ¢ < 0.49 s
proposed. For welded I sections, oy r = 0.21,/Wy ¢/ W, ¢ < 0.64 is proposed.

2.5 Uniform Members in Bending and Axial Compression

Stability verification according to EC3-1-1 for uniform members under bending and compression
can be performed using the interaction formulas from its clause 6.3.3. The formulae were derived
based on second order theory with end fork conditions on simply supported single span member
and these are only valid for doubly symmetric uniform members that are not susceptible to

16
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distortional deformations. These formulae have linear additive form such that effects of axial
force and bending moment are linearly added in a proportion defined by interactions factors that
incorporate non linearity.

The two equations given in EC3-1-1 are

Ngg My gd + AMy g Mz Eq + AM, Eq <1
XyNri VY XLTMy RK vz My ric = (2.21)
YMm1 YM1 YM1

NEg My gd + AMy kg Mz Eq + AM,Eq <1

XzNRrk zy XLTMy RK zz Mgz,rK - (2.22)
YMm1 YM1 YM1

Where, Ngq, My g and M, gq are design values of applied actions. AMy g4, AM, g4 are additional
moment in class 4 sections due to shift of centroid axis. Ngy,My gk and M gy are plastic or
elastic capacities according to the class of the cross section. xy, X4, x.r are reduction factors for
relevant buckling to be evaluated according to 6.3.1 for first two factors and from 6.3.2 for last
one as described in section 2.2 and 2.3 of this chapter. kyy, ky,, k,yand k,, are interaction factors
to be evaluated either from Annex A or Annex B of EC3-1-1.

The code proposes two different methods for the calculation for interaction factors given in
Annex A (Method 1) and Annex B (Method 2). Any one of them can be chosen. Method 1 is
much more comprehensive in the sense that it accounts for each physical phenomena separately
whereas in contrast; in method 2 simplicity prevails. Separate accounting of each phenomenon in
method 1 can be useful in design optimization whereas method 2 has the practical advantage by
being simpler in nature.

In both methods a distinction has been made in sections which are susceptible to torsional
deformation and those that are not. Method 1 gives a criterion when these would or would not be
susceptible in the form of two equations. In both methods, for members susceptible to torsional
deformation a similar approach to clause 6.3.2 is employed by adopting flexural buckling
equations for lateral torsional buckling by calibrating the modified interaction factors. In method
2 each equation presented above corresponds to in or out of plane buckling verification check but
in method 1 only after satisfaction of both equation in plane or out of plane buckling is verified.
The effect of material non linearity is included for class 1 and class 2 sections. In method 1 this
is done by variable Cj; in interaction factors and using plastic capacities as characteristic
resistances in interaction equations. Presence of instability prevents the achievement of total
plastic capacity and this is what C;; aims to include. In method 2 this is included in k;;.

The C,, factors in method 1 are included to avoid the determination of cross section that is most
heavily loaded. This is done by replacing bending moment with a fictitious sinusoidal bending
moment that produces the same amplified bending moment. C,,values of method 2 takes uniform
bending moment as the reference case. The values of Cm are derived using GMNIA results for
different bending moments and that of uniform moment.

17



European Erasmus Mundus Master Sustainable Constructions under

natural hazards and catastrophic events _I_ | J _I_ : {:) _I_

520121-1-2011-1-CZ-ERA MUNDUS-EMMC

In our case, the interaction factors kyy and k,, have to be calculated. These were calculated
using method B given in Annex B of EC3-1-1. These depend upon the member class.
For class 1 and 2, ky, for members suspectible to torsion is given as

. — Ngq Ngq
kyy = min(Cpy | 1+ ( A - 0.2) wovar | Cmy [ 140855 ) (2.23)
YM1 YM1
whereas, for class 3
. — \ Nga Ngq
kyy = mll‘l(Cmy 1+ (0.6 A y>XyTRk , Cmy 1+0.6 Xy Nrk ) (2.24)
YM1 YM1
Similarly, k., for class 1 and 2 is given by
0.1 A
Ngq 0.1 Ngq
k,, = 1-— z 11— ( ) 2.25
zy = max( (CooLr — 0.25) XYN_Rk (CoLr — 0.25) XYN_Rk ) (2.25)
M1 M1
whereas for class 3
0.05 A
Ngg 0.05 Ngg
K, = 1-— z 11— ( ) 2.26
zy = max( (CoLr — 0.25) | XaMri (Coor — 0.25)) Mak | (2.26)
YM1 YM1

2.6 Class and Resistances according to SEMICOMP+

Member and cross sectional resistance depend upon the class of the cross section. EC3-1-1 gives
four sectional classes. The class of the cross section is determined by the slenderness of the
plates of the section given by c/t (width to thickness) ratio.

According to Eurocode, class 3 cross sections are assumed to provide only elastic level of
resistance which is in contrast to the fact that their actual resistances may be considerably higher
because of internal plastic redistribution (Greiner R. et al, 2011). The plastic behavior of class 1
and class 2 cross sections is proceeded by elastic behavior of class 3 sections thus forming a
discontinuity. Recent research project SEMICOMP aimed to remove this discontinuity and
provide a continuous transition between class 2 and class 3 sections. A complementary project
SEMICOMP+ aims to disseminate the results of this research project.

SEMICOMP+ not only provides a procedure for evaluation of design resistances for class 3
sections but also gives classification procedure for member and cross sectional class along with
proposal of new c/t limits for internal compression parts.

Table 2.1 gives the new c/t limits for internal compression parts according to SEMICOMP+.
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S LI C_ O

Class

In bending

In compression

In bending and compression

EC3-1-1

c/t < 72¢

c/t < 33¢

396¢

h >05: ¢/t <————
when a c/ =g _1

36¢
whena < 0.5: ¢/t < o

SEMICOMP+

c/t < 72¢

c/t < 28¢

hena> 0.5 ¢/t <—2t
when a S5: ¢/ Sttg_1

36¢
whena < 0.5: ¢/t < o

EC3-1-1

c/t <83¢

c/t < 38¢

hena > 05: ¢/t < —0f
when a "C/_13a—1

41.5¢
whena <0.5: ¢/t <

SEMICOMP+

c/t < 83¢

c/t < 34e

188¢

6.53a0—1
41.5¢

whena > 0.5: ¢/t <

whena <0.5: ¢/t <

EC3-1-1

c/t <124¢

c/t < 42¢

< 42¢
~0.67 +0.33y

wheny < —1: ¢/t < 62¢(1 —IIJ)H

wheny > —1: ¢/t

SEMICOMP+

c/t < 124¢

c/t < 38¢

< 38¢
~ 0.653+0.347y

wheny < —1: ¢/t < 62¢(1 —IIJ)H

whenyp > —1: ¢/t

Where, € = ,/235/fy ,ac is portion in compression, 1 is the ratio of tensile stress to compressive stress

at the end of the internal part.

Table 2.1: Limits for internal compression parts according to EC3-1-1 and SEMICOMP+.
The relevant difference in cross sectional resistance calculations for this thesis between existing
procedures and SEMICOMP+ for class 3 cross sections is given in table 2.2.

Case EC3-1-1 SEMICOMP+
_axi M M
Mono-axial Ed <1 Ed <1
Bending Welfy/ W3fy/
Ymo Ymo
_axi N, M N
Mono-axial Ed n Ed <1 Ed <1
Bending and Netra  Meira Ny ra
Compression Mgq <1
My3zyra
My 3yra = M3.y,Rd(1 —n)
Wz,
M3y ra = 3 y/yMO
_ Nea
Npl,Rd

Table 2.2: Difference in cross sectional resistance in EC3-1-1 and SEMICOMP+ for class 3
cross sections for relevant cases.
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Utilization factors (UF) have to be calculated for 11 points along the member. Utilization factor
is defined as

_ Rea
~ Rgq
Where Ry, represents given loading and Ry, represents resistance. Ry, is obtained by increasing
the loading (axial force and moments) in the same proportion until resistance Rp,. Rr4 depends
upon the class of the cross section. It has to be ensured that utilization factors at all 11 points are
less than 1.

The class at the highest utilization factor is the member class and is decisive for member checks.

UF (2.27)

2.7 General Method

General method presented in clause 6.3.4 of EC3-1-1 allows for verification of resistance of out
of plane stability. The methods presented above and detailed in clauses 6.3.1 to 6.3.3 are
applicable to uniform members. General method may be used as an alternative for sections that
do not fall under the applicability of these clauses.

According to general method the out of plane resistance can be checked by satisfying

XopQultk

=>1 (2.28)
YM1

where
a1 kIS the minimum load amplifier for design loads to reach characteristic resistance of

most critical cross section considering only the in plane behavior with effects from in plane
global and local geometrical deformations and imperfections.

XoplS the reduction factor for non-dimensional slenderness A
op

— o
o= | (2.29)
op O‘cr‘,op

where, acrop is the minimum load amplifier for in plane design loads to reach elastic critical
load in lateral or lateral torsional buckling mode without taking into account in plane flexural
buckling.

A is to be determined from
op

By using this A, the value of Xop is to be calculated. For x,, either a minimum from x and
op

x,t from 6.3.1 and 6.3.2 or an interpolated value between from x and x;r by using the formula
for oy x corresponding to critical cross section may be used.

Finite element analysis can be used to calculate oy xand acr,gp-
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In contrast to 6.3.3, the general method does not make a separation between different types of
actions but takes the member as a whole. The method also has a much wider range of
applicability e.g. uniform sections, non-uniform sections, mono-symmetric sections built up or
not etc. The method could also be used to analyze frames or sub frames composed of these
members which may have any irregular support condition. However method does not cover
cases with biaxial bending moment.

2.8 Problems with General Method

General method has some problems with its consistency, reliability and applicability.

It has been shown in Simdes da Silva et al(2010) that inconsistent results with clause 6.3.1 for
columns are obtained when in plane local imperfections are included for the calculation of oy .
An upper bound to resistance is provided in the form of ay,. that is obtained by considering in-
plane effects. In-plane effects do not in all cases have such pronounced effect on out of plane
buckling resistance.

A problem of inconsistency in safety level is observed as out of plane resistance may be
calculated from two different ways for the calculation of x,,. This gives two different safety
levels.

Finite element analysis may be used for the evaluation of amplification factors in general
method. However in practice, problems could arise due to lack of proper guidance e.g. in
definition of magnitude and shape of imperfections etc. This may also be time consuming.
General method is proposed as an alternative for cases where clauses 6.3.1 to 6.3.3 do not apply
whereas the method in itself makes use of reduction factors taken from these clauses whose
expressions were derived from assumptions made in these clauses.

The usage of first option for calculation of reduction factor that is the minimum of reduction
factors for flexural and lateral torsional buckling yields discontinuity of results (Simdes da Silva,
2010). Usage of the other option mitigates this problem. It must be noted that ECCS TC8 (2006)
has recommended the use of first option only.

The conservativeness of results by the general method may partly be due to the conservativeness
of values of reduction factor used. Thus any betterment in expressions for buckling curves e.g. in
Taras (2010), also calls for check of reliability of the method again.
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3 Numerical Model

3.1 Introduction

Numerical models were generated for comparison of results from different methodologies and
for the calculation of results from the general method of Eurocode. In the former case, results of
geometrically and materially non-linear analysis (GMNIA) of these models were assumed to be
representatives of real behavior. This chapter describes the models and the assumptions therein.

3.2 The Model

Commercial finite element software ABAQUS version 6.13 was used for generation of
numerical models. Four nodal linear shell elements (S4) were used with six degree of freedom
per node.

Elasto-plastic constitutive law was used. Newton Raphson iterations were used to solve the
equilibrium equations within each increment of the load stepping routine; the increment size
being based on convergence criteria.

3.3 Material Non-Linearity

Von-Mises yield criteria is used for non-linearity of material.
Steel was modeled as an elastic perfectly plastic material with a Poisson ratio of 0.3 and modulus
of elasticity of 210GPa.

Stress

fy f i
/ —#— Elastic Behaviour
/ —— Perfect Plastic
/ Behaviour
fy/E ' ' ' ' ' Strain

Fig 3.1: Modeled stress strain curve
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Minimum vyield stress provided in product standard EN10025 for corresponding thickness was
used as yield stress.

Minimum Yield Stress (MPa)

240

230
220

210

200

190
180

170 o

160

150

0 20 40 60 B0 100 120 140 160 180 200 220 240 260

Thickness {mm)

Fig 3.2: Minimum vyield stress for different thickness of cross section according to EN10025

3.4 Imperfections

Geometrical imperfections proportional to the Eigen-mode obtained from LBA (Linear
Bifurcation Analysis) were included with a maximum value of L/1000.

For example for the Eigen-mode shape given in figure 3.3, imperfection shape will correspond to
figure 3.4.

0.5, 5225, M, ILBG, LB4

L , u
e 55 il e e odn  AosaussScansands 132 SacOce 13 14103103 GHT Dayikg Time 2218
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Imperfection
in z direction
L/1000 — —\““'-—‘*\_‘_
0 L Distance along

member axis

Fig3.4: Imperfection shape for section with loading conditions given in figure 3.3.
In cases where global and other buckling modes interacted, appropriate web and flange stiffeners
had to be applied to get uncoupled buckling modes for introduction of imperfections.
Care is maintained such that imperfections are in a direction such that least favorable results are

obtained.
Following membrane residual stresses were considered as material imperfections in the models.

l ] | ]

/ 0.5fy* 7 0.3fy*

w< ﬁ,<
x 0.3fy*

[ ] \ 0.5fy* — 1

0.5fy* l\\//] 0.5fy* 0.3fy* r"'---..___v "] 0.3fy*

0.3fy*

0.5fy*
h/b<l.2 h/b>1.2

Fig 3.5: Material Imperfections for h/b<1.2 and for h/b > 1.2.

3.5 Supports

Simply supported end fork boundary condition is adopted for the models, that is vertical and
transverse displacements are prevented at both ends at a node situated at the center of the web;
whereas longitudinal displacement is only prevented at one end. Ends are modeled to remain
straight but they are allowed to wrap.

3.6 Loading

Axial force and end moments are applied as concentrated force/moment at the ends on nodes at
mid-height of the web whereas parabolic moment distribution is modeled as distributed loading
at the center of the web at nodes along the length of member. Concentrated vertical loading
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corresponding to a triangular moment distribution of the shape of isosceles triangle is applied on
the node at the center of the member at mid-height of web.

= =
— —_—
B “—\ L l— - _1"_ W
_/'
. /:.? _______?K,_;"
- / —_— -
— —_—
{a) Concentrated forces / moments (b) UDL

Fig 3.6: Model for loads (Marques L, 2012).

3.7 Meshing

Divisions for meshing were set after mesh convergence. Mesh convergence was done setting the
number of divisions along the web and flange as 16 and varying the divisions along the length of
the members for A,=1 for each section and doing a Linear Bifurcation Analysis with only
compressive axial force. 120 divisions along the length were set for for A,=1. For all other values
of A, an extrapolated number of divisions were used. Table 3.1 shows the percentage relative
error in Eigen-values for first buckling modes of sections with divisions 80 and 120.

Sections Relative Error (%)
HE300A 0.13
HE300B 0.17
HD400x347 0.23
HE300C 0.22
HE340B 0.18
HE400A 0.16
HE500B 0.20
IPE100 0.18
IPE160 0.17
IPE180 0.17
HE600x337 0.22
IPE360 0.15
HEG650B 0.19
HE650x343 0.21
HE300A 0.13

Table 3.1: Relative error (%) between Eigen-values for models with 80 and 120 divisions.
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4 Methodology

4.1 Introduction

For the assessment of different methodologies, a parametric study was carried out. Resistances
were calculated for cases according to the parametric study by clauses 6.3.1 to 6.3.3 of EC3-1-1,
general method of EC3-1-1 and by geometric and materially non-linear analysis. This chapter
aims to coherently describe the procedure. This chapter describes the catalogue for parametric
study and the methodology for calculation of resistances through these methods.

4.2 Catalogue for Parametric Study

Parametric study consisted of 4144 cases. Following table summarizes the parametric study
conducted.

Sections ® =" 7 My
ap,
0 0.4 ]

Sections h/b tf(mm) 5.67 0.6 =]
HEA300 [0.97 |14 2.74 0.8 e~
HEB300 |1.00 |19 1.73 1
HD400x347[1.01 |43.7 1.19 1.2 S
HE300C [1.05 |29 0.83 1.4
HEB340 [1.13 |[215 0.57 1.6
HEA400 [1.30 |19 0.36 1.8
HEB500 [1.67 |28 8-17

IPE100 1.82 |57
IPE160 195 |74
IPE180 198 |8
HE600x337 |2.04 |46
IPE 360 212 127
HEBG650 217 |31
HE650x342 |2.20 |46
14 9+1 8 4
Table 4.1: Definition of catalogue for parametric study
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=—— (4.1)

Only hot rolled sections with S325 steel grade were considered. All sections are at the most class
3 for pure compression and class 2 for bending. Only uniform axial force was considered.

4.3 Factor ¢

Resistances calculated from GMNIA, general method and through clauses 6.3.1 to 6.3.3 are
calculated such that applied loading i.e. axial force and moment about y-axis are in a proportion
defined by the factor ¢.
¢ is defined as
Mpl,y,Rd
M
¢=—F—7¢ / Ed (4.2)
pl,Rd/
Ngq

Resistances were calculated using different values of ¢, as defined in the parametric study.

4.4 Resistances from clause 6.3.1to 6.3.3 of EC3-1-1

In this thesis, member and cross sectional classes and design resistances for class 3 sections were
determined according to SEMICOMP+ as explained in section 2.6. All sections considered in the
parametric study were either class 1,2 or 3.

The minimum of cross sectional resistance and buckling resistance is considered as the design
resistance.

For ¢ = o (only axial force), the cross sectional resistance in EC3-1-1 is given by and was
calculated using

A
Ngq = Ay (4.3)
Ymo
For ¢ = 0 (only bending moment), the cross sectional resistance for class 1 and 2 is given by
W,
Maq = 22l (4.4)
Ymo
and for class 3 according to SEMICOMP it is given by
W-
Ymo

For class 1 and 2 cross sections when ¢ = (0, «), the cross sectional resistance is obtained from
clause 6.2.9.1 of EC3-1-1. Equation 6.36 of EC3-1-1 is for hot rolled sections when both
bending and axial force are present.

1-n)
My yra = MpiyRra 1-05a (4.6)

where n = Ngq /Ny rq and a = (A — 2bt;)/Abut a < 0.5.
Using equations 4.2 and4.6 for a given ¢, N4 could be calculated by
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1
Nra = —=55a 1 : (4.7)
®Npirda  NpiRd
Using equation 4.2,Mg, could then be calculated by
Mpiyra  Nga
Mpg = 22« (4.8)
kd ¢ Npl,Rd
For class 3 sections, expressions from SEMICOMP+ (2011) are used
My 3yra = M3 pa(1—1) (4.9)
Whel’e n= NEd/Npl,Rd'
Using a similar procedure, Np; and Mg, are calculated using expressions
N _ M3.y,Rd
R Mpiyra | Msyray (4.10)
®NpiLra  NpiRrd
Mpiyrd  Nga
Mg = —222 « (4.11)
Rd ¢ Ny ra
For ¢ = oo (only axial force), the buckling resistance is calculated using
A
Neg =% Jy (4.12)
Ymo
where x = min(xy, X,) and was calculated using expression 2.5 for y and z axis.
For ¢ = 0 (only bending moment), the buckling resistance was calculated using
f
Mpa = XLTWy —— (4.13)
Ym1

xprwas calculated using proposals from Taras A. (2010) as explained in section 2.4 and from
the general case and special case in clause 6.3.2 of EC-1-1.

For the calculation of A, elastic critical moment M was calculated using equation 2.11.

LT
when ¢ = (0, ), the buckling resistance has to be calculated using

NEd MY:Ed + AMY,Ed Mz,Ed + ANIZ,Ed <1
XyNRrK vy XLTMy RK yz Mz Rk = (4.14a)
YM1 YM1 YM1

NEd MY»Ed + AMY,Ed Mz,Ed + AMz,Ed <1

XzNRrk zy XLTMy RK 2z Mz Rk = (4.14b)
YM1 YM1 YM1

In our case, the interaction factors kyy and k,, have to be calculated. These were calculated
using method 2 given in Annex B of EC3-1-1. These depend upon the member class. These
factors are presented in equations 2.23 to 2.26.
For a given ¢, equations 4.14a and 4.14b could be written as
XNgg + (Cryy + ANgg)(ZNgg) —1 =0 (4.15a)
YNgg + (1 = BNgg)(ZNgg) —1 =0 (4.15b)

where
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A = min ( A , — 0.2) oNre ' 00 Xy Nrk for class 1 and 2 (4.16)
YM1 YM1
A=min| (067 )M 6 luss 3 w17)
= min S T for class )
YM1 YM1
5 _ 0.1 ! 1 ( 0.1 ) 1 for class 1 and 2 w13)
= min , rcla an )
(CmLT - 025) XZN—Rk (CmLT — 025) XzNRK 0 SS
YM1 YM1
B . 0.05 4 z 1 ( 0.05 ) 1 for class 3 @19
= min ) - '
(Copr — 0.25) | %a¥e ' \(C,. 7 — 0.25)) Xelae |/ 07 €1453
YM1 YM1
1
X = TN (4.20)
YM1
1
Y = v (4.21)
YMm1
_ Wiy /Ymo
XLTPAW ciassfy (4.22)
YMm1

Weiass = Wy yfor class 1 and 2 whereas W, = W3 ,, for class 3.

Equations 4.15a and 4.15b are quadratic equations and these could be solved to calculate Ng,.
Sensible result out of the two roots is chosen using simple conditions Ngg > 0 and Ngg < Np;.
Minimum N, from the equations 4.15a and 4.15b is the buckling resistance Ng.

Mg, could then be calculated by

(4.23)

4.5 Resistances from General Method

For the calculation of out of plane buckling resistance through the general method, a Linear
Bifurcation Analysis (LBA) and an in plane GMNIA was done. These were done for the
calculation of different amplification factors required in the general method. In plane GMNIA
was done by applying out of plane restraints of members. The in plane amplification factor
required in the general method needs to be calculated considering effects from in plane
imperfections. An in plane bow imperfection was applied to all sections.

The global non dimensional slenderness A inthe general method is calculated using
op
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- Quit,k
A= -
op acr,op

where a,,;; \ is the in plane amplification factor which was calculated using in plane GMNIA.
®cr,0p1S Obtained from LBA.
For ¢ = oo, the out of plane buckling resistances is given by
Nra = XopNinpiane (4.25)
where Nippiane 1S the resistance obtained from in plane GMNIA.

(4.24)

Xop 1S the reduction factor that is to be calculated using A . For this case (¢ = ), xop Was
op

calculated using equations for y for flexural buckling.
For ¢ = oo, the out of plane buckling resistances is given by
Mga = XopMinpiane (4.26)
where Minpiane 1S the resistance obtained from in plane GMNIA.
For this case (¢ = 0), xo, Was calculated using equations for y, for lateral torsional buckling

using A . Two different set of equations are provided in EC3-1-1 under clause 6.3.2.2-general
op

case and clause 6.3.2.3-special case. Both methods were used to get two set of buckling
resistances for cases with ¢ = 0.
For the case ¢ = (0, =), the out of plane buckling resistance was calculated using
Nra = XopNinpiane (4.27)

where Nippiane 1S the resistance obtained from in plane GMNIA.
Mg, could then be calculated by
M1y Ra . Nga

o) Npi,ra
EC3 gives two different alternatives for calculation of calculation of y,,, either the minimum of
x and y;r or an interpolated value between y and y;r. Results were obtained from both.
Interpolation was done using following equation given in Simdes da Silva et al (2010).

Mgq =

(4.28)

¢+1
Xop =g 1 (4.29)
X XLr

xrwas also calculated using both the general case and the special case. In total four different set
of results were obtained. Table 4.3 describes the different set of results obtained by general
method.
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() Xop XLT
(0] X -

0 XLT General Case
XLT Special Case
(0, 0) Minimum b/w y and y;r General Case
Minimum b/w y and y;r Special Case
Interpolated b/w y and y;r General Case
Interpolated b/w y and y;r Special Case

Table 4.2: Different set of results by general method

4.6 GMNIA

GMNIA was done to compare the results obtained from the previous two methods. GMNIA were
assumed to be representative of real behavior. Models for GMNIA were created using the
numerical model as explained in chapter 3.

First a linear bifurcation analysis was performed to get the buckling shape. In cases where local
and global buckling modes interacted, appropriate stiffeners were added in LBA to get a global
mode only. Imperfections in the GMNIA models were taken from these LBAsS.

4.7 Self Defined Variables for Calculation of Assessment of Results
Xmethod aNd Qmethoq Were defined for assessment of the results. These are defined as follows

2 2
Nmethod + Mmethod

Xmethod =
1’Ncsz + Mc52

where Npethod:Mmethoa aré the values of results obtained from the method and N., Mg
represent the cross sectional capacity at the same ¢ value.

Amethoa Was defined to indicate the error in the result obtained by the method used. It is defined
as

(4.30)

_ Xmethod
Omethod =

= RuyethoaRamnia
XGMNIA Metho (4.31)

where Ryjethoa, @Nd Rgynia are resistance obtained from the method and by GMNIA.

4.8 Summary

The chapter explains the methodology used for the calculation of resistances using different
methods.

Resistances were calculated from clauses 6.3.1 to 6.3.3 of EC3-1-1, general method of EC3-1-1
and from GMNIA. Table 4.3 summarizes the methods and the set of results in them.
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S LI C_ O

Abbreviation Method ¢ range Remarks
. -SEMICOMP+ used for class of members and
Using Eurocode clause ) )
6.3.1 6.3.1 00 resistance of class 3 cross sections.
. -SEMICOMP+ used for class of members and
Using Eurocode clause ) )
6.3.2-GC 6.3.0 0 resistance of class 3 cross sections.
- -x,rfrom general case.
. -SEMICOMP+ used for class of members and
Using Eurocode clause ) )
6.3.2-SC 6.3.0 0 resistance of class 3 cross sections.
- -x,rfrom special case.
. -SEMICOMP+ used for class of members and
Using Eurocode clause . .
6.3.2-Taras 6.3 0 resistance of class 3 cross sections.
o -x.rfrom recent proposals in Taras A. (2010).
. -SEMICOMP+ used for class of members and
Using Eurocode clause . .
6.3.3-GC 6.3.3 (0, 0) resistance of class 3 cross sections.
- -xrfrom general case.
. -SEMICOMP+ used for class of members and
Using Eurocode clause . .
6.3.3-SC 6.3.3 (0,0) resistance of class 3 cross sections.
- -xrfrom special case.
. -SEMICOMP+ used for class of members and
Using Eurocode clause . .
6.3.3-Taras 6.3.3 (0,0) resistance of class 3 cross sections.
o -xLrfrom recent proposals in Taras A. (2010).
GM General Method 0 -Xop calculated from expression for y in EC3-1-1.
“Xop calculated from expression for
GM-GC General Method 0 Xor in EC3-1-1.
-x.r calculated from general case.
“Xop calculated from expression for
GM-SC General Method 0 Xor in EC3-1-1.
-x.r calculated from special case.
- calculated from minimum b/w y and .
GM-Min, GC General Method (0, ) Xop x Aur
-x.r calculated from general case.
) -Xop cCalculated from minimum b/w y and y;;.
GM-Min, SC General Method (0, ) op ) L
-x.r calculated from special case.
- calculated by interpolation b/w y and .
GM-Int, GC General Method (0, ) Xop x it
-x.r calculated from general case.
- calculated by interpolation b/w y and .
GM-Int-SC General Method (0, ) Xop ) X A
-x.r calculated from special case.
Geometrically and
GMNIA materially non-linear All ¢ -Imperfections from LBA.
analysis

Table 4.3: Summary of methods with abbreviations.
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5 Results and Analysis

5.1 Introduction

Resistances for a total of 4144 cases were obtained from GMNIA, general method and from
clauses 6.3.1 to 6.3.3 of EC3-1-1 using the procedure outlined in chapter 4.

This chapter presents the results and makes comparisons for assessment and validation of these
methods. Results were found to be scattered on both sides of GMNIA results (both greater than

and less than GMNIA results).

The results are described in the sections below.

5.2 Overview of the results

The scatter of the results is shown in figure 5.1. In figure 5.1,Xmetnoqfor different methods is

plotted against xgmnia-
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Figure 5.1: Scatter plot of self defined reduction factor y for different methods against y GMNIA.

In Figure 5.1, the points below the red dashed line represent conservative results.

In comparison to results from clauses 6.3.1 to 6.3.3 of EC3-1-1, the scatter for general method is
generally higher in all of its cases in comparison to the corresponding special or general case
from 6.3.1 to 6.3.3 with more number of un-conservative results. Results from clauses 6.3.1 to

34



European Erasmus Mundus Master Sustainable Constructions under

natural hazards and catastrophic events _I_ | J _I_ : {:) _I_

520121-1-2011-1-CZ-ERA MUNDUS-EMMC

6.3.3 when y;r is calculated from recent proposals of Taras (2010) are more closer to GMNIA
results than when xr is calculated from general case and special case of EC3-1-1. The number
of unsafe results are highest when special case is used in comparison with other methods for
calculation of x;in general method (using interpolation or minimum) and 6.3.3. The effect of
special case is much more noticeable when interpolation is used in general method in
comparison with the minimum criteria.

Table 5.1 show some statistical parameters for a for all the cases analyzed.

6.3.1 to | 6.3.1 to|6.3.1 to| GM- GM- GM- GM-

6.3.3-Taras | 6.3.3-GC | 6.3.3-SC | Min,GC Min,SC Int,GC Int,SC
Mean 0.91 0.89 0.91 0.89 0.90 0.93 0.98
SD 0.06 0.06 0.06 0.08 0.09 0.08 0.07
CoV 0.06 0.07 0.07 0.09 0.10 0.09 0.08
Mean+SD | 0.97 0.95 0.97 0.98 0.99 1.01 1.05
Mean-SD | 0.85 0.82 0.85 0.81 0.81 0.84 0.90

Table 5.1: Statistical parameters for a for all cases

5.2 Variation of Results with h/b Ratio

Different buckling curves for different h/b ratio and thickness limits are used for calculation of
reduction factors. Based upon these ratios and limits, different statistical parameters were
calculated for comparison of results in these ranges.

Table 5.2 gives different statistical parameters calculated for o for different groups of h/b ratios
and thickness limits. Mean, standard deviation, co-efficient of variation, minimum and maximum
of a is calculated along with percentage of cases when a is less than 0.9 and when it is greater
than 1.03 is also calculated.
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tf M Mi M %cases | %cases
h/b Limit | Limit | Method n an | sp | oV | Max 09 | o>1.03
(a) (%) | (a) | (o)
(cm)
GM-Min,GC | 1454 | 0.86 | 0.07 | 7.80 | 0.69 | 1.04 | 74.07 0.21
GM-Min,SC | 1454 | 0.86 | 0.08 | 8.97|0.69 | 1.05| 73.11 1.99
GM-Int,GC | 1414 | 091 | 0.04 | 4.78|0.79 | 1.05| 46.68 0.35
h/b<t.2 |- GM-Int,SC | 1414 | 0.95| 0.05| 5.18 [ 0.84 | 1.06 | 18.53 3.11
6.3.2-Taras | 1461 | 091 | 0.05| 557 |0.75| 1.05| 44.49 0.48
6.3.2-GC 1461 | 0.89 | 0.06 | 6.34|0.71| 1.05| 54.76 0.34
6.3.2-SC 1461 | 0.91| 0.05| 5.98 |0.75| 1.06 | 43.60 2.05
GM-Min,GC | 1477 | 093 | 0.05| 5.11|0.78 | 1.13| 23.70 0.88
GM-Min,sC | 1477 | 094 | 0.06 | 590 |0.78 | 1.18 | 22.07 4.60
GM-Int,GC | 1429 | 096 | 0.04 | 432|084 | 1.13 7.63 4.55
1.2<h/b<2 GM-Int,SC | 1437 | 1.01| 0.04| 3.63|0.91| 1.18 0.00 | 26.37
6.3.2-Taras | 1477 | 092 | 0.05| 537|078 | 1.17 | 37.24 0.41
6.3.2-GC 1477 | 0.90| 0.06 | 6.62 | 0.71 | 1.14 | 47.19 0.81
6.3.2-SC 1477 | 0.93 | 0.06 | 6.04 | 0.78 | 1.17 | 35.00 4.60
GM-Min,GC | 570 | 0.94| 0.05| 527|079 | 1.06 | 18.07 1.93
GM-MinsC | 570| 0.95| 0.05| 524|081 | 1.06| 13.86 4.21
c40 GM-Int,GC 556 | 0.94| 005| 5.27|0.79| 1.06| 18.53 1.98
tf<
GM:-Int,SC 556 | 1.01| 0.03| 3.18 |0.94| 1.11 0.00 | 19.24
6.3.2-Taras | 574 | 092 | 0.06| 6.08|0.71| 1.04| 37.80 0.70
h/b>2
6.3.2-GC 574 | 0.88| 0.07| 7.80|0.64 | 1.02| 55.05 0.00
6.3.2-SC 574 | 0.92| 0.06| 6.45|0.72 | 1.06 | 39.37 2.26
GM-MinGC | 592| 0.87| 0.06| 6.98|0.72 | 1.07| 75.00 0.17
GM-Min,SC | 592 | 0.88| 0.07| 823[0.72| 1.13| 69.93| 1.52
GM-Int,GC 576 | 0.89 | 0.05| 568|0.78| 1.07| 67.88| 0.35
tf>40 | GM-Int,SC 576 | 0.95| 0.05| 5.21|0.86| 1.13| 15.10| 7.81
6.3.2-Taras | 592 | 087 | 0.06| 6.80|0.75| 1.07 | 76.52 0.34
6.3.2-GC 592 | 0.83| 0.06| 7.10|067| 1.03| 87.67 0.00
6.3.2-SC 592 | 0.86| 0.06| 6.88|0.75| 1.07 | 76.69 1.35

Table 5.2: Statistical parameters for values of a calculated from all results.
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Figure 5.2 to 5.8 show the position of mean and standard deviation of a calculated from different
methods.
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Fig 5.2: Position of mean and standard deviation for results calculated from 6.3.1 to 6.3.3-GC.
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Fig 5.3: Position of mean and standard deviation for results calculated from 6.3.1 to 6.3.3-SC.
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Fig 5.4: Position of mean and standard deviation for results calculated from 6.3.1 to 6.3.3-Taras.
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Fig 5.5: Positionof mean and standard deviation for results calculated from GM-Int,GC
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Fig 5.6: Position of mean and standard deviation for results calculated from GM-Int,SC
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Fig 5.7: Position of mean and standard deviation for results calculated from GM-Min,GC
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Fig 5.8: Positionof mean and standard deviation for results calculated from GM-Min,SC

The general method gives more unsafe results in groups h/b>2 and 1.2<h/b<2 except for the case
h/b>2 and tf>40 where it gives results comparatively better than the method’s own results in
other groups with higher h/b. GM-Int, SC gives more unsafe results when compared with other
alternatives in general method whereas GM-Min,GC appears to give safer results in comparison
with other alternatives in general method.

5.3 Variation of Results by ¢

Fig 5.9 below shows the mean of the ratio o for different methods and its variation with
increasing ¢ for sections with h/b<1.2.
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Fig: 5.9: Mean and standard deviations for the ratio of results from different methods with
GMNIA for sections with h/b<1.2
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Fig 5.10 below shows the mean of a and its variation with increasing ¢ for sections with
1.2<h/b<2.
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Fig: 5.10: Mean and standard deviations for the ratio of results from different methods with
GMNIA for sections with1.2< h/b<2.

Fig 5.11 below shows the mean of the ratio o for different methods and its variation with
increasing ¢ for sections with h/b>2, tf<40mm.
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Fig: 5.11: Mean and standard deviations for the ratio of results from different methods with
GMNIA for sections with h/b>2,tf<40mm.

Fig 5.12 below shows the mean of o and its variation with increasing ¢ for sections with h/b>2,

tF>40mm.
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Fig: 5.12: Mean and standard deviations for the ratio of results from different methods with
GMNIA for sections with h/b>2,tf>40mm.

Generally, the standard deviation reduces with increasing ¢ for all methods. This does not
happen for general method when calculated using interpolation with special case. Results from
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general method calculated like this have more unsafe results in all h/b groups. Also the results
become less unsafe with increasing ¢. Results calculated from clauses 6.3.1 to 6.3.3 have mean
ratio lower than mean o from general method and is always positive, no matter how the
reduction factor for lateral torsional buckling is calculated.

5.4 Variation of Results by A
z

Fig 5.13 below shows the mean « and its variation with increasing ‘A for sections with h/b<1.2.
Z

1.2 - 1.2
H Mean 1 Mean
i GM-Min,GC "¥er | GM-Min,SC"¥
‘Et Mean-SD ‘Et
slla S lla
(G O
509 14 ¥ — PY ° 3509 4 ¥ a ° R
9 ] ® o o o o © ® o o o
£0.8 - © ¢ ‘o 0.8 - © ¢ o
s e © o s © ©0 ¢
0.7 - 0.7 -
06 T T T T T T T 1 06 T T T T T T T 1
04 06 08 1 12 14 16 138 04 06 08 1 12 14 16 1.8
Lamda_z Lamda_z
a) b)
1.2 + 1.2
GM-Int,GC = mean .| GM-Int,SC =wem
< 1.1 1 Mean+SD < Mean+SD
= - > M -SD
§ 14 & o Mean-SD g 11® o o o o o ’ean,
[ ] O ©
2091 ° ® 2 a8 a8 091 © ¢ ¢ © 6 ¢ ¢
<] © © © © (-} () =4
= =
0.8 - %08 -
= =
0.7 - 0.7 1
06 ; ; ; ; ; ; ; . 06 T T T T T T T 1
04 06 08 1 12 14 16 18 04 06 08 1 12 14 16 18
Lamda_z Lamda_z
d) e)
1.2 + 1.2 + Mean
- Mean - M SD
| 6.3.3-GC "M .| 63.38C  wen
Mean-SD
< Mean-SD <
S 17 s 17
®
gog_'oo??Qqq L9 S ® ® 9 0 0
B © e e ¢ B © 6 ¢ o 6 & o o
£058 - © o & ¢ £ 08 -
S =
0.7 - 0.7 -
0.6 T T T T T T T 1 0.6 T T T T T T T 1
04 06 08 1 12 14 16 1.8 04 06 08 1 12 14 16 1.8
Lamda_z Lamda_z
f) g)

46



European Erasmus Mundus Master Sustainable Constructions under

natural hazards and catastrophic events _I_ | J _I_ : {:) _I_

520121-1-2011-1-CZ-ERA MUNDUS-EMMC

1.2 4 Mean
6.3.3-Taras mean+sp
1.1 M D
< ean-
s 1
2 0.9 . ® o o O ® o o o
° ©
9 € & 6 ¢ ¢ o ¢
2 0.8 -
S
0.7 -
O~6 T T T T T T T 1
04 06 08 1 12 14 16 1.8
Lamda_z
h)

Fig: 5.13: Mean and standard deviations for the ratio of results from different methods with
GMNIA for sections with h/b<1.2.

Fig 5.14 below shows the mean o and its variation with increasing A for sections with
Z
1.2<h/b<2.
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Fig: 5.14: Mean and standard deviations for the ratio of results from different methods with
GMNIA for sections with 1.2<h/b<2.

Fig 5.15 below shows the mean of the ratio of results obtained from different methods and

GMNIA and its variation with increasing ‘A for sections with h/b>2, tf<40mm.

Z
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Fig: 5.15: Mean and standard deviations for the ratio of results from different methods with
GMNIA for sections with h/b>2,tf<40mm.

Fig 5.16 below shows the mean of the ratio o for different methods and its variation with

increasing ‘A for sections with h/b>2, tf>40mm.
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Fig: 5.16: Mean and standard deviations for the ratio of results from different methods with
GMNIA for sections with h/b>2,tf>40mm.
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The results from clauses 6.3.1 to 6.3.3 appear to have the same level of difference from GMNIA
results at both high slenderness and low slenderness except for sections with h/b>2,tf>40mm
group where they slightly decrease in comparison with GMNIA results. The standard deviation
also remains constant for these results. The mean of results from these clauses is lower than
GMNIA results in all h/b groups. The results obtained from general method vary along
slenderness. This was also noted in Simd@es da Silva et al. (2010). The mean of the ratio between
results obtained from general method and results from GMNIA generally decrease with
increasing slenderness. The results obtained by general method are more conservative results at
higher slenderness than at lower slenderness. More unsafe results are obtained when
interpolation is used in comparison with when minimum criteria is used for reduction factor in
general method. Also results for general method are greater when special case is used than when
general case is used for calculation of lateral torsional buckling reduction factor.

General method gives more un-conservative results for sections in group h/b>2, tf<40mm and
group 1.2<h/b<2 than for groups h/b<1.2 and h/b>2,tf<40mm. This is consistent with results in
Simdes da Silva et al. (2010) where more un-conservative results are obtained for more slender
Cross sections.

5.5 Variation of Results with Different Loading Cases

Figure 5.17 describes the mean and range between mean + 1 standard deviation of a when only
axial force is present (results are calculated from general method for different h/b groups).
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Figure 5.17: Mean along with range between mean + 1 standard deviation of o for general
method when only axial force is present.

Figure 5.18 describes the mean and range between mean + 1 standard deviation of o when only
axial force is present (results are calculated from 6.3.1 for different h/b groups).
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Figure 5.18: Mean along with range between mean + 1 standard deviation of o calculated for
6.3.1 when only axial force is present.

Figure 5.19 show the mean and range between mean + 1 standard deviation of a for different
methods when the loading case is axial force and different bending moments, for sections with

h/b<1.2.
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Fig: 5.19: Mean and standard deviations for the ratio o from different methods with GMNIA for
sections with h/b<1.2.

Figure 5.20 show the mean and range between mean + 1 standard deviation of a for different

methods when the loading case is axial force and different bending moments for sections with
1.2<h/b<2.
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Fig: 5.20: Mean and standard deviations for the ratio a for sections with h/b<1.2.

Figure 5.21 show the mean and range between mean + 1 standard deviation of a for different
methods when the loading case is axial force and different bending moments for sections with
h/b>2,tf<40mm.
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Fig: 5.21: Mean and standard deviations for the ratio o from different methods for sections with
h/b>2,tf<40mm.
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Figure 5.22 show the mean and range between mean + 1 standard deviation of a for sections
with h/b>2,tf>40mm.
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Fig: 5.22: Mean and standard deviations for the ratio a for sections with h/b>2,tf>40mm.

The mean of ratio a is higher for uniform bending moment and parabolic moment for results
calculated from 6.3.3 in all h/b groups. Similar behavior is noted for GM-Min,GC, GM-Min,SC,
GM-Int,GC for sections with 1.2<h/b<2 and h/b>2,tf<40mm.

5.6 Summary

Results obtained from clauses 6.3.1 to 6.3.3 and general method are compared with results from
GMNIA in this chapter.

The results from clauses 6.3.1 to 6.3.3 are more conservative in comparison with results from
general method. It was also seen that the number of un-conservative results from general method
are more than from clauses 6.3.1 to 6.3.3.

The scatter of results was found to be higher when bending moment was greater than axial force.
The results of general method vary in different groups of cross sectional slenderness defined by
using h/b ratios and tf. The results from general method also vary with the length of the member.
These conclusions were found to be consistent with conclusion from Simdes da Silva et al
(2010).
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6 Conclusions

Stability verification according to the Eurocode could be made by either clauses 6.3.1 to 6.3.3 or
from 6.3.4-general method. Results from these two methods of the Eurocode were compared
with GMNIA results for assessment of these methods. Results from clauses 6.3.1 to 6.3.3 were
calculated using general case, special case and recent proposals from Taras A. (2010) for lateral
torsional buckling reduction factor. Similarly for general method, results were calculated using
the interpolation and minimum criteria for calculation of reduction using both the general case
and the special case.

Out of the different ways for calculation of lateral torsional buckling reduction factor when
results are calculated from clauses 6.3.2 and 6.3.3, results from proposals from Taras A. were
found to be much more closer to GMNIA results than from the general case. The results from
special case were also much more closer to GMNIA results than general case but they also had
more unsafe results. General case was found to be most conservative of the three different
options.

In the general method, the results were more unsafe when interpolation criteria was used than
when minimum criteria was used. More scatter was present on the conservative side when
general case was used than when special case was used. Results from general method when
interpolation and special case was used had the most number of un-conservative results. The un-
conservative results from the general method could reach up to 10% difference from GMNIA
results.

Most of the results obtained from the clauses 6.3.1 to 6.3.3 were lower in comparison with
GMNIA results. General method gave more un-conservative results.

The scatter of the results shown by the standard deviation of difference in results from GMNIA
was found to more larger when ¢ was closer to zero (bending moment greater than axial force)
for all methods.

In the general method, difference in results from GMNIA varied by cross sectional slenderness.
More slender cross sections were found to have more un-conservative results. This is consistent
with the finding in Simdes da Silva et al (2010). Also variability of difference in results from
GMNIA was noted with increasing length of the cross sections. Generally in the general method,
results became more conservative with increase in length. This is also consistent with the finding
in Simdes da Silva et al (2010).

The mean+standard deviation calculated from all results was always greater for general method
than the corresponding case in 6.3.3.
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In conclusion, the general method should be avoided because of its un-conservative nature.
General method is proposed as an alternative for cases where clauses 6.3.1 to 6.3.3 do not apply.
Additional problem of applicability in these cases might arise due to non-availability of proper
guidelines/recommendations for application to these cases. This may further aggravate the un-
conservative nature of general method.

The number of cases with only axial force were limited in this thesis. Also the numbers of cases
with h/b>2,tf<40mm and tf>40mm were less. Future work should include similar investigation
for the column case and for sections in these h/b and thickness limits.

The range of applicability of the general method includes non-prismatic members, members with
complex supports and plane members. The general method is provided in Eurocode as an
alternative to clauses 6.3.1 to 6.3.3 for cases when these would not apply. A study could be
carried out to investigate how safe this method is for such cases for which this method is
intended.
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