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Summary

The document presents portal frame design, and optimization results, obtained using two
software tools developed at VTT. Both tools use analytical methods from Eurocode 3 (EN
1993-1-1 [7]) for design, and genetic algorithms for optimization. The tool developed for
Abaqus (AP-Frame) models the frame with “Shell” type finite elements for out-of-plane
stability calculations, while in the Excel tool (EV-Frame) stability is calculated at the level of
members using analytical expressions of critical loads.

Two types of portal frames analysed. Hot-rolled frames are composed of rolled HE and IPE
sections, with welded haunch on the beam. The second group are tapered frames, welded from
steel plates.

Two analytical methods can be used in Abaqus tool (AP-Frame) to design the frames: General
method (GMA) and global non-linear analysis using initial imperfections (GMNIA). The third
method - member checks using interaction formulae - is included in Excel tool (EV-Frame).
Both programs use genetic algorithms as optimization engine, with several possibilities of
selection, crossover, and mutation methods.

In this report we describe a few calculation examples and optimization runs carried out with
the software tools. Some of these calculations were use for the benchmarking of the software
tools, while others were produced for the PRECASTEEL project. The study shows that, using
the general method for design, one can achieve results with acceptable level of

conservativeness and in reasonable time.
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The research report describes the software tools, for analysis and optimization of
steel portal frames, developed in VTT Research Centre of Finland for the
PRECASTEEL project.

The tools are capable of automatic model creation, results evaluation and genetic
algorithm optimization, and they are using an independent calculation core for
finite element analysis.

EV-Frame is programmed as Microsoft Excel script, with open source finite
element calculation [12] under GPL - general public license. AP-Frame is
programmed in Python, using Abaqus commercial or academic licenses for
numerical calculations. Detailed description of all required inputs and produced
outputs is included in this report. The most important methods and objects of the
code are also explained.

Two types of portal frames are considered in the analysis. Hot-rolled frames are
composed of rolled HE and IPE sections with welded haunch on the beam. Those
frames are usually fixed at the base. The second group covers tapered frames,
fabricated from steel plates, which are usually pinned at the base.

Two design methods can be used in the Abaqus tool (AP-Frame): General method
with overall out-of-plane reduction factor (GMA), and global non-linear analysis
using initial imperfections (GMNIA). The third method - member checks using
member slenderness and interaction formulae (IFM) - is included in Excel tool
(EV-Frame). Both programs use genetic algorithms with several possible
selection, crossover, and mutation methods.

Results presented in this study show the difference between GMA and GMNIA
used in the Abaqus tool (AP-Frame), and the calculation of the frames with beam
model, using CCS INSTANT software, and reduction factors approach for
stability. CCS INSTANT was used for preliminary design of several frame
configurations, performed by the University of Thessaly [11].

Results from optimization of hot-rolled frames, with EU profiles, are also
compared with previous optimizations of similar frames [13]. The study shows
that using GMA, we can achieve reliable results with acceptable level of
conservativeness in a reasonable time.

Espoo 24.5.2010
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computer aided engineering
cross-section

Eurocode

flexural buckling

finite element

finite element method

genetic algorithm

general method

analysis of the geometrically and materially nonlinear structure,
including effects of initial imperfections
global non-linear analysis

hot-rolled

analysis method based on interaction formulae
linear eigenvalue (bifurcation) analysis
lateral torsional buckling

serviceability limit state

torsional buckling

torsional flexural buckling

ultimate limit state

welded-tapered

Extensible Markup Language
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critical multiplier of the loads (in-plane buckling)
critical multiplier of the loads (out-of-plane buckling)
minimum load amplifier of the design loads to reach the

characteristic resistance
coefficients of variable cross-sections (Sapalas et al [2])

partial safety factors for loading

partial safety factors for material

non-dimensional slenderness (“y” axis and “z” axis)

overall out-of-plane non-dimensional slenderness

buckling reduction factor (“y” axis and “z” axis)

overall out-of-plane buckling reduction factor

combination factors

distance between two lateral supports (purlins or side rails)

max. eccentricity of lateral support from the shear centre of the CS
min. eccentricity of lateral support from the shear centre of the CS
yield stress

polar radius of gyration

effective length factor considering weak axis end-support conditions
(k; = 1 for pinned-pinned, k, = 0.5 for fixed-fixed, k, = 0.7 for
pinned-fixed)

effective length factor considering end warping support (k,=1 for no
warping support, k, = 0.5 for both end warping support)

load position (z-distance between load and shear center)

gross cross-section area

second order amplification factor

moment gradient factors

equivalent moment factors for FB

equivalent moment factors for LTB

Young’s modulus of elasticity
unit force

shear modulus

torsional constant

warping constant
strong/”’y” and weak/”z” axis second moment of area at the large

member cross-section
strong/’y” and weak/”z” axis second moment of area at the small
member cross-section

lateral (horizontal) stiffness of the frame
length of member
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(horizontal) length of the haunch

critical lengths for strong/’y” and weak/’z” axis FB
design axial forces

characteristic resistance in compression

critical bending moment

earthquake mass
design bending moment to major/*“y” axis bending moment

M, eqs 0 M, gi5 - M, ¢y inquarter points along the length of the member

M y,Rk

Sa(T)
T
Vz,Ed

Vz,Rk
Aq

bending resistance (elastic or plastic depending on design method) to

“y”Imajor axis

the ordinate of the design spectrum for seismic calculation
fundamental period of vibration

shear force in “z” direction

shear resistance in “z” direction

deflection caused by unit force
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Frame configurations

Design and optimization procedures were developed in order to analyze two
portal frame configurations: frames made of hot rolled profiles (HR frames), and
welded tapered frames (WT frames).

Hot-rolled (HR) frames with haunches on rafters are typically built with a fixed
base, in order to decreases the overall steel consumption; however, designer has to
keep in mind the increased demands on substructure and foundations.

On the other hand WT frames are typically pinned at the base. In these frames, the
variation of column and rafter heights is made to agree with the bending moment
distribution, allowing for significant weight savings. Fabrication of WT frames
might be more expensive, difficult, or even impossible if proper welding
technology is not accessible to the fabricator. WT frame manufacturing requires
the fabricator ability to realise long welds effectively (i.e. most probably using
automated procedure), while controlling the distortion of the members and by
minimising the residual stresses induced by the weld.

The direct comparison of the two configurations, the HR frames and the WT
frames (Figure 1), is impossible, unless a thorough economic study is carried out.
However, even the results of such study are influenced by the economic
environment (e.g. labour cost vs. material cost), and the equipment which the
fabricator uses. Therefore, the question ““which of the two frame configurations is
more economical?”’, can only be answered for a particular fabricator operating in
a particular market.

Given these complications, it has been opted to concentrate on easily measurable
performance parameters, as mass, with the observation that results can easily be
expanded to more finance oriented targets. The mass of the frame was selected as
an objective for optimization because the PRECASTEEL study is supposed to
cover a large geographic area in Europe, and the economic profile in these regions
can vary considerably. Also surface area and total length of welds (short and long)
are saved together with the frame mass to enable simple adjustment of objective
function if needed.
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%

(a-1) Hot-rolled (HR) frames (b-1) Welded tapered (WT) frames

(a-2) Rafter section: constant & haunch

(a-3) Column section (b-3) Column section: constant and tapered

Figure 1. Geometric configurations of the HR and WT frames.
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Designh methods

Design methods described in the report are divided into three levels according
their sophistication, accuracy and time required to perform them. All design
methods conform to the Eurocodes [6], and more specifically to EN 1993-1-1 [9].
Scripts were developed under Microsoft Excel and Abaqus in order to carry out
automatically the finite element analysis (FEM), and design checks required by
the design methods. In the next step, these scripts have been integrated in
optimization procedures. The design methods considered are:

Method 1: Global nonlinear analysis (GNLA)

Straightforward numerical calculation by modelling frames with shell
type finite element (FE). The calculation is material and geometrically
nonlinear, and it takes into account initial imperfections.

Method 2: General method (GMA)

Linear or nonlinear in-plane analysis of the frame, with out-of-plane
stability being taken into account by a global reduction factor. Beam
model with stepped cross-sections (10 divisions) is used for the in-
plane analysis, while shell based model is used for the out-of-plane
effects.

Method 3: EC3 interaction formulae (IFM)

Linear in-plane analysis using cross-sectional checks as limit states
conditions. Frame modelled using beam type finite elements with
stepped cross-sections (4 divisions).

A summary of the modelling techniques used in each method is presented in
Table 1.

Table 1. Comparison of modelling techniques used in the three design methods.

Method 1 Method 2 Method 3

Interaction of axial
cornpression end

General method with
calculated critical

Description Global norHlinear analysis amplifier bending
(EN 1393-1-1) {EN 1983-1-1)
Software used Abaqus Abagqus MS Excel
20 wire model, .
Geometry 3D shell model 3D shell for b ckiirg 20 wire model
Tapering o lie uous sl S;i%pce:nagucoﬂ:—vi;rié:ls sleppazd — 4 divisions
Global stability Swdy IMpetoctions Jwiay Imocrtochions Swcy Importectiors

In-plane stability

deorred shape

deormed shape

redaction facters

Cut-of-plane stability
Material plasticity

detorred shage

clastc-plastic mat.

glcha -edLction factor

clastc-plastic matcna

red.ction facters

plastic scet. resistances

Geometric non-linearity

ncn-linesr caleulaliog

nar-linea- calculstion
{whsen needed)

I near ca culatio with 2r°
arder mglif er

Calculation steps

2 steps: 04 and Ghk&

3 steps: LAy,
LEA-Z a1c GRS

1 step: LA

Calculation time

approx. 100 sec.

approx. 25 sec.

approx. 1 sec.
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The most important difference between three proposed methods is the approach of
accounting for out-of-plane stability of the frame.

The GNLA method uses non-linear calculation of the imperfect structure, with
imperfections obtained from a linear eigenvalue analysis. Out-of-plane stability is
implicitly accounted for by the imperfections, and the nonlinear calculation of the
structure.

On the other hand, the method using interaction formulae (IFM) is based on
considering buckling by reduction factors for members. Critical loads are
calculated for each member separately, based on its slenderness. This approach is
not dealing with the whole structure being able to predict the strength of isolated
members with ideal (e.g. perfect fixity) support conditions.

The general method (GMA), standing between them in terms of complexity, uses
only one reduction factor for out-of-plane buckling, which is related to the overall
slenderness of the frame. The method produces more appropriate results than
interaction method because stability is calculated using the numerical model of
the whole structure, with possibility to consider more realistic support conditions
(e.g. partial fixity or eccentric lateral support).

Global non-linear analysis (GNLA)

Geometrically and Materially Nonlinear Analysis on Imperfect structure
(GMNIA) is carried on the shell model. The required initial imperfection is
obtained by dislocating the nodes of the mesh with values obtained from an eigen-
buckling calculation of the same FE model.

Figure 2. Steps of the Global non-linear analysis.

GNLA starts with an eigenbuckling step in the Abaqus script where three
eigenvalues are calculated. The first positive eigenvalue is searched in order to use
its buckling shape as source for the initial imperfection. If the first positive
eigenvalue does not appear within the first three modes, the script automatically
re-submits the analysis with higher number of requested eigenvalues. Node
positions (i.e. normalised displacements of nodes in the buckling shape) from the
first positive mode are saved and used in the next step.

In the second step of the analysis the loads from accompanying actions are placed
on the model, in a static step. Accompanying loads can be:
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e The wind load and the crane load, if the analysis is performed to determine the
behaviour of the frame in fundamental load combination. In this case it is
expected, that the intensity of the accompanying actions is much smaller then
that of the leading load (i.e. snow).

e The reduced value of the snow load, which accompanies earthquake loads, if
the aim of the analysis is to determine the performance under earthquake
loads. In this case snow load is only a small fraction of the design snow load
(i.e. 0% or 20% according to EN 1990 [6]), therefore it is expected to be of
low intensity.

The third step is a non-linear “Riks” analysis, starting initially with 10% of the
total leading load and increasing until the frame collapses. Naturally, the
accompanying load also stays on the structure in this step. Initial imperfections
are applied corresponding to the first positive buckling shape; they are scaled in
amplitude to match EN 1993 [9] bow imperfections. Additional sway
imperfections, also conforming to EN 1990 [9], are applied before the second step
starts. The sway imperfections correspond to the situation of having initial out-of-
verticality of the columns (i.e. columns are straight but inclined). Sway
imperfection is applied by adjusting node positions in the Abaqus input file.
Following table shows some basic analytical settings:

Table 2. Basic GNLA settings used during the Abaqus modelling.

Object/Method  Parameters Description

BuckleStep numeEigen=3 (6,9,...) LBA
vectors=10 Linear Bifurcation Analysis of the shell
maxlterations=5000  model

StaticStep nlgeom=0ON Pre-loading with accompanying static loads

(wind, crane,..)

StaticRiksStep  nlgeom=ON GMNIA
nodeOn=0ON Geometrically and materially non-linear
initial Arcinc=0.1 analysis on imperfect structure using shell
maxNumInc=500 model loaded with the leading actions

Results are expressed as magnitude of the leading load at which the ultimate limit
state (ULS) or serviceability limit state (SLS) is reached. As the leading load is
gradually applied to the frame, and because the frame is modelled with non-
linearity, therefore pushover type, force vs. displacement, curves can be drawn
with the leading load level vs. corresponding displacement. The initial value of
displacement is caused by accompanying loads applied in the first step. When the
structure collapses in preloading step, the resulting leading load magnitude is
zero.

By default, the SLS limits used are S/200 for vertical deflection and H/100 for
horizontal deflection. The horizontal limit is derived, in a simplified way, from
EN 1998-1: 2004 [10]. Firstly, it is assumed that the frames behave in an elastic
way under the design seismic load. Given that seismic design is carried out using
a behaviour factor g = 1.5 (see 83.3) this is plausible. Most often, the fundamental
load combination is critical for the design and significant elastic overstrength exist
in the seismic combination. The second assumption is that the frame can be
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modelled as an SDOF oscillator. Therefore, the calculations of Annex B, EN
1998-1:2004 [10] can be used.

If the above two assumptions are accepted then, q, = 1 (Annex B, [10]); and the
displacement behaviour factor is qq = q, in 84.3.4 of EN1998-1. Therefore, the
horizontal displacements at design earthquake level (ds) can be calculated from
displacements obtained from the elastic analysis as:

ds=qd'd 1

e

Using the SLS displacement limit, corresponding to ductile non-structural
elements being connected to the structure, we have the condition

d,-v <0.0075 -H , where v is the reduction factor with the value 0.4 or

0.5 (84.4.3, EN 1998-1 [10]). Therefore, the elastic displacements have to fulfil
the condition:

0.0075-H _0.0075-H 0o . 2
U v 15-0.5

d,-v<0.0075-H = d, <

One particular case is, when the SLS displacements are not reached even for
forces corresponding to the failure of the frame. In this case, the elastic part of the
behaviour is extrapolated, and the SLS load is determined for a frame with the
same stiffness. This method provides SLS load results in all cases, even when the
limit deformation is not physically reached in the analysed model. The existence
of an ULS is particularly important during the optimization procedure of the
frames (see later), because in this way distinction can be made between frames
which all satisfy the SLS criteria, but they have different initial stiffness.

ULS load magnitude is defined where the first yield appears, regardless the
plasticity user settings. This is one weakness of the GNLA procedure, where
further improvement is needed. However, it was found to be very difficult to
extend ULS checking into the plastic range, mainly because a plasticised “cross-
section” cannot be recognised in all cases on a shell model. Sometimes plasticity
develops in such regions that the plastic cross-section cannot be clearly identified
but the rotation of the beam is still possible. E.g. while the tension flange is
yielding, the opposite side compression flange is buckling at stress levels less then
the yield stress. From the technical point of view this means that a plastic hinge is
formed, and the cross-section rotation is happening under a constant bending
moment. However, this can be recognised only by visual inspection of the model,
or by a sophisticated multi-parameter checking procedure, which proved to be
impossible to implement.

Therefore, the calculation using global non-linear analysis is always elastic, and it
contains a degree of conservatism depending of the difference between elastic and
plastic capacity of the frame. The conservatism is largest for frames made of
members with Class 1 cross-sections, it is more moderate for Class 2 cross-section
frames, and it disappears for Class 3 frames, where elastic design is required by
EN 1993 [9].



WT RESEARCH REPORT VTT-R-01157-10

2.2

13 (57)

General method analysis (GMA)

According to EN 1993-1-1 [9], overall resistance of a structural component can be
verified using following condition:

%Op 'ault,k >10 3
Y m1

Where: o, - is the minimum load amplifier of the design loads to reach the

characteristic resistance of the most critical cross-section without
taking out-of-plane buckling into account.
Xop - 18 the reduction factor to take into account out-of-plane buckling.

ywi1 - IS the safety factor.

The reduction factor y,, can be calculated using EN 1993 [9] buckling curves,

and the global non-dimensional slenderness for out-of-plane buckling, Aop:

4
— (04
iop — ult,k
acr,op
Where « is the minimum load amplifier of the design loads to reach the

cr,op
elastic critical resistance with regards to lateral or lateral torsional
buckling (LTB)

In the GMA, the first step (LBA-z) uses the same shell model and settings as the
first step of the GNLA analysis; but instead of storing the perturbed shape, only
the critical multiplier o, ,, is retained.

The second and third steps of the GMA is carried out on a wire model of the
frame (i.e. members are modelled as beam elements). In the second step the
structure is preloaded with accompanying loads in a static step, in a similar
procedure as in the GNLA method. In the third static Riks step, the frame is
gradually loaded with the leading action until failure. However, before the loading
phase starts the geometry is disturbed by initial imperfections resulting from an
in-plane buckling analysis of the wire model (LBA-y). These imperfections are
taking into account in-plane sway effects [9].

During the Riks step, the failure of the frame is defined differently depending on
the cross-section classes of the members. If the frame is made of Class 1 or Class
2 members, failure occurs at full plasticisation of a cross-section (i.e. forming of a
plastic hinge). Plastic hinges can now easily be identified by a rapid increase of
equivalent plastic strain on the wire model. A limit of the plastic strain equalling 5
times the elastic strain is used in the script. If the frame has Class 3 members, then
the first yielding signals the failure of the frame. Alternatively, the user can force
the elastic or plastic calculation regardless the section classification. The specific
settings of used methods are in following table:
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Table 3. Basic GMA settings used during the Abaqus modelling.
Object/Method Parameters Description
BuckleStep numEkigen=3 (6,9,...) LBA-y
vectors=10 In-plane buckling analysis of wire model
maxlterations=5000 LBA-z
Out-of-plane buckling analysis of shell model
StaticStep nlgeom=0ON Preloading with accompanying static loads (wind,
crane,..)
StaticRiksStep  nlgeom=ON GMNIA
nodeOn=0ON Geometrically and materially non-linear analysis
initial Arcinc=0.1 on imperfect structure using wire model

maxNumInc=500
minArcinc=0.0000000001

Results are also expressed as load levels of the leading load at which the ULS and
SLS limit is reached.

Method using EC3 interaction formulae (IFM)

This method is most commonly used for designing portal frames (and all types of
structures). It is based on static calculation of the structure using beam elements in
order to determine the internal forces generated by loads. ULS design checks are
then carried out on members isolated from the structure (e.g. columns, beams,
braces etc.) From the point of view of the member check, the interaction with the
rest of the structure is taken into account in a simplified way.

For the buckling check of members subjected to combined axial compression (N)
and bending (M), Eurocode 3 [9] provides two alternative methods. They both
utilize N-M interaction formulae to account the effects of compression and
bending together, and are called Method 1 and Method 2 in Ec3.

Method 2 includes simplified calculation rules of N-M interaction of members,
and it is often used by designers for more complex structures. As it is very fast,
compared to the GMA and GNLA methods, not requiring numerical calculation of
the out-of-plane stability, it has been selected as a third alternative for the design
of the frames.

For columns and beams with variable cross-section internal forces are obtained by
a static analysis of the structure. The variability of the sections is approximated by
using stepwise variation in the FE model. therefore we have:

axial forces [\
bending moments to “y” axis M, ¢, (in quarters M, ¢,, 10 M ¢;5)
shear force in “z” direction 'V, ¢,

assuming that axis “y” is horizontal and the weak direction of bending will be
always normal to “z” axis.

cross-sectional resistances (EN 1993-1-1) are calculated as follows:
resistance in compression Ng = A-f,

resistance in bending to “y” axis M, o =W, - f, for elastic design
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resistance in bending to “y” axis M, o =W, - f, for plastic design

shear resistance in “z” direction Vo = A, - fy/\/§

The calculation is repeated with second order effect amplification factor for
slender frames, where the in-plane critical multiplier «_, <10 for elastic or

cr —
a,, <15 for plastic analysis.

cr —
The second order amplification factor is calculated using Timoshenko formula as:

A=

and horizontal load F,, ¢ = AjF, - (EN 1993-1-1,5.2.2)

1——

aCI’

The calculation of the critical multiplier («,, ) takes into account the presence of
the axial force in the rafters, and utilizes the formulas proposed by Davies [4]:

‘E. ) 5
Ay = > IZE (10+R) 5, for fixed base frame
5-Nggp S . 2-R-Ng-h
vab Iy,c
and,
3-E-l, _ 6
o, = L , for pinned base frame
S'(NEd,c h+0,3-Negy 'S)
Where: E - Is the elastic modulus of steel
s, h - are the lengths of beam and column respectively

Negp:Nego - the axial force in the beam and column respectively
I, - the second moment of area of the beam and column

y.b1Ty.c
respectively
RS
l,,-h

Eq. 5 and 6 are developed for constant cross-section frames. In case of variable
cross-section members, average values of the second-moments of area are used.

A. Limit states conditions (EN 1993-1-1)

Members subjected to combined bending and axial compression shall satisfy ULS
conditions expressed in EC3 as interaction formulae (EN 1993-1-1, 6.3.3):

M 7
~ Ney | K, - LB <1, for FB with LTB effect
Zy'NRkM/Ml ALt 'My,Rk/7M1

And,
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M 8
~Ne vE. <1 for LTB
X2 N 7w Xt 'My,Rk/7M1

Where: Ngy,M, g - are the design value of axial force and major axis bending
Ne M, g - are the resistances of the cross-section to axial force and

major axis bending

Xv' X Xir - are reduction factors corresponding to “y” axis FB, “z”
axis FB and LTB (See section C of this chapter)

K., K - are factors taking into account the interaction between

yyr oy
axial force and bending moment acting together (See
section B of this chapter).

The ULS checks, expressed in eq. 7 and 8, were performed in each cross-section.
Even calculation of the class of the cross-section was carried out in each section.
This usage of the check is debatable, because eq. 7 and 8 were calibrated for
constant cross-section members, and are meant for member check, not cross-
section check as used here. However, the interpretation of using them in each
cross-section is probably conservative. Additionally, EC3 [9] is not defining
design methods for the case of variable members, so some kind of adaptation of
the existing methods is inevitable.

The design value of shear force at each cross-section shall also satisfy ULS
condition concerning shear resistance:

VZ,Ed <1 9
Vz,Rk 1Yo

For serviceability limit state (SLS), as default settings, the maximum of vertical
deflection cannot exceed 1/200 of the span, and the horizontal sway 1/300 of its
height. However, the used of the software can easily re-define these limits from
the input file.

B. N-M interaction factors (kyy, Ky)

For elastic calculation of members susceptible to torsion deformations (EN 1993-
1-1, Annex B) the following calculation is used:

k,, =min| C,, 1+o,6-1yﬁ C, l+0,6ﬁ and
Ym1 Ym1
10
k. —max|1— 0,054, N o 0,05 N,
i (CmLT _0125) Xz VR A (CmLT _0125) Xz Nre A
7 m1 7 m1

Where (besides the previously discussed quantities):
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C

ZV,ZZ - are non-dimensional slenderness’s.

my Cmr - are two equivalent moment factors

The equivalent uniform moment factors can be calculated with one of the
expressions below:

C.,, =0,9 for members with sway buckling mode

C.,.r =max(0,6 +0,4-y ; 0,4), for columns

C,.r =max(0,2+0,8-as ; 0,4), for beams where a >0

C.,.r = max(0,1-0,8-a ; 0,4), for beams where o, <0and w >0

C,.r =max[01-(1-y)-08-a,;04], for beams where a,<0 and
v <0.

With: Y = My,Ed,llM y,Ed,5

as = My,Ed,S/My,Ed,S

And, M, ¢4, to M, ¢, 5, are design bending moments in quarter points along the
length of the member.

C. Reduction factors due to buckling (x,,x,,x.1)

As mentioned earlier, buckling is taken into account by reduction factors
depending on the non-dimensional slenderness ( A ) of members:

1 11

=05 Mra (1-02)+ 7’

The value of imperfection factors « depend on the buckling curve recommended
by Ec3:

a =0,21 corresponds to the buckling curve “a”,

a = 0,34 corresponds to the buckling curve “b”,

a =0,49 corresponds to the buckling curve “c”,

a =0,76 corresponds to the buckling curve “d”.

The non-dimensional slenderness for FB, TB and TFB is calculated as:

— N ) 12
A= NRk , Where N, =min (Ncr,FBy7 N eezor Nerres Ncr,TFB)

cr

Where: N, - is the characteristic resistance of the cross-section
N, - isthe minimum of member elastic critical loads.
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The application of eq. 12 is also controversial, because of the variability of the
cross-section along the member. In the calculation of the critical force in the *y”
(major axis) direction, the tapering/variation was taken into account using the
method proposed by Sapalas [2]. Minor axis buckling is not significantly
influenced by the variation of the cross-section, because the minor axis second
moment of area does not vary significantly due to the increase of height of the
profile. According to Sapalas [2], the major axis (“y”) critical force N, e, Of the

variable member is calculated by reducing the critical force determined with the
maximum cross-section properties.

The critical loads corresponding to flexural buckling modes are calculated as:

ZE-,

N, s, = ﬂ—z““'” minor axis FB between two lateral supports

‘ a

n*E-l _ .

N rp, = @, ——5 ", major axis FB for tapered member

‘ Lory 13

— 2 .
Ne rey :[vam”%an + 1y i > /SZ/ZLh j HLZ E , major axis FB for
cr,y

member with haunch

Where: 1, ., - weak axis second moment of area at the small member section

a - distance between lateral supports
I - strong axis second moment of area at large member section

y,max

- critical length for strong axis FB

L
cr,y
o, - reduction factor proposed by Sapalas [2]
S - the span of the frame.

For torsional (TB) and torsional flexural buckling (TFB), the critical loads are
calculated using the following expressions:

(1o -E-72122)+G -1,

N, = 5 (between two lateral supports)
, i
I, o+l -e?)(E-72/2)+G-1, . 14
NCr . = ( w,min z,min 22) ( — ) t,min (Wh0|e member)
' ez,min + IO
Where: 1, ., - isthe warping constant of the shallow cross-section
I min - torsional constant of the shallow cross-section
G - shear modulus
I - polar radius of gyration
e, - the eccentricity of lateral supports in the weak axis direction,

from the shear centre of the CS. E.g. purlins connected to the
upper flange of the beam provide an eccentric lateral support in
the weak direction. If the purlins are fixed to the upper flange,

then e, is equal to half the height of the beam.
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The N, 5 expression, adapted from Timoshenko [1] was developed for

members with continuous lateral supports. In case of lateral support in points, the
presumption is that supports are placed at small enough intervals, so as to act
similarly as if they were continuous. This condition is met by the most common
purlin distributions (e.g. 1200-2000 mm purlin intervals). FEM studies performed
in this project, but also by Aswandy [13] showed that, once there are enough
lateral supports to force TFB in a member, the critical load is not significantly
increased by providing more supports. Certainly, N . is slightly overestimated

by using Eq 14. On the other hand, the torsional support provided by the purlins is
completely neglected, which is conservative.

The non-dimensional slenderness for lateral torsional buckling (LTB) is
calculated as:

M R 15

A =

cr

Where: M, ., - is the major axis bending resistance (elastic or plastic depending
on design method); while the formulae for critical moment
(M_ ) was considered according to Sapalas [2] and prENV
1993-1-1, Annex F:

Critical moment used in calculation is smaller value of critical moment of
restrained member between fork supports according to SCI Technical Report [15]
and critical moment of unrestrained part of member between purlins according to

Eurocode 3.
: 1 BN, (. a’G-l .
M, = min My, C zmin | Jwmin tmin |
cr {( mtczj cr0 1 az \/ Iz,min 7Z2E . Izvmin 16
i2
McrO = [T(;ZJNW,TFB 17
Where I, mins Vemin lwmin @re sectional properties of the shallow end,

a is the distance between lateral supports (purlins, side rails)
N e is critical axial load for torsional flexural buckling
C, is the moment gradient factor from Eurocode 3
e, is the distance from shear centre to lateral support either at
shallow end or at deep end of tapered beam
If Ar >1,0, equivalent section factor is taken as 1,0 and the minimum M., is
used, which come from the deepest end (e

cro

is used also for calculation of

Z,max

N, 1 ). In all other cases we use e, ;,and following expression for equivalent

section factor:

Z,min
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c =c, for tapered members and
c=1+(c, -1 L,/L for members with haunches 18

Equivalent uniform moment factor [15] for tapered member without loads
between lateral-torsional restraints is:

M
mt=i( c,Rdj Msdl +3Msd2+4MSd3+3MSd4+ MSdS +2:uSEj’
12 MSd min Mc,Rdl Mc,RdZ Mc,RdS Mc,Rd4 c,Rd5 19

where only positive values of M, and ug are included.

Mg,,...M,; are design bending moments at quarter spans,
M ra1---M, rgs are design bending resistances at quarter spans,

(Mc,RdJ :min(Mc,RdI’m’Mc,RdSJ 20

e = max(Mc,Rdz Mc,Rds MC'RMJ—maX(MC'Rdl MC‘RdSJ
sE = , , —CRdL
Mg, Mgz Mgy, Mg, Mg 21

An alternative calculation of relative slenderness [15] is also used in the script

— U —Y
At =C\/Ht Ainax . i§ A, 29

Where A =

: :
J'L o 23
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3 Loading scenarios

According to the load settings, the script automatically selects if vertical or
horizontal loads are to be increased gradually. If snow is the leading load, then the
structure is preloaded with other accompanying loads (e.g. wind, crane load), and
the snow load is gradually increased until failure. If e.g. earthquake is the leading
load, then the structure is preloaded with snow, and the earthquake load is
increased until failure.

In the fundamental load combination, snow load is considered to be the leading
variable action and a combination of actions for persistent or transient design
situation is calculated as follows:

7G,squk +7s S HrwWowWy +7cWocCr (EN 1990 6.10) 24

Where: G, is the characteristic dead load (¢, =1.35)
S, Is the characteristic snow load (y; =1.5)
W, is the characteristic wind load (y,, =1.5,y,, =0.6)
C, isthe characteristic crane load (y. =1.5,y,. =1.0).

For the horizontal pushover analysis with constant vertical load the seismic design
situation applies:

Gy + Agg +,5S +y,cCy (EN 1990 6.12) 25

Where: A, is the design seismic load
and the combination factors are y,,, =0.0,y,;=0.2,y,. =0.8

onSi™ [ po 8y

Harizontal pushover

“ertical pushow er . .
with congtant wertical load

with constant wind oad.

. a0 812 .
[ !
Aclions on siructure
I:' Dead load +snow load Characteristic vertical load in Mdn?
I:' Yiind load Basic wind velocity in rm/s and terrain cathegory
- Sesmic load Spectrum type, ground type and acceleration

Figure 3. Loading scenarios.
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Dead load and snow load

The design value of vertical snow and dead loads can be inserted in the input file
in kN/m? (as distributed load). In case of dead load the value should also contain
the estimation of the self-weight of the frame, including purlins and side-rails.
This is necessary because as the mass of the frame is not transformed into weight
in the model (i.e. gravity is 0).

Wind load

Calculation of wind actions follows EN 1991-1-4 [7]. The script uses simplified
calculation of external wind pressure based on the exposure factor. The wind load
spanning different zones is averaged and each face is loaded with constant
pressure.

The basic calculation of external wind pressure is w, :qp(z)-cpe, or, expressed
using the exposure factor:

W, =0, 'Ce(z)' Cpe 26

Where: w, is the wind pressure acting on the external surfaces
z is the reference height for external pressure (86.3, [7])
Ce(z) is the exposure factor given 84.5 of EN 1991-1-4 [7]
Coe IS the pressure coefficient for external pressure.

Since the exposure factor is the ratio of peak velocity pressure and basic velocity
pressure:

(D)= q,(2) 21
We can write:
28
L+ 71,5 pvi(2)
(1) = 2 - ()¢ 2)- e 71, 2))=
E.p.vg

K,

=c’(z)-¢2(D)|1+7 —— L — <
(2 0) Co(2)-In(z/2,)
Where: c¢(z) is the roughness factor

Co(z) is the orography factor

ki Isthe turbulence factor

Zo isthe roughness length.

The turbulence factor k, and orography factor c, are considered to be 1.0,

according to 84.3.1 and 84.4.(1) of EN 1991-1-4 [7]. Hence the exposure factor
expression can be reduced to the more simple form used in the Python script:
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, 7 , 29
<><>{1m} (@)+7-k 5,2

Where: k; is a terrain factor depending on the roughness length z, from 84.3.2

[7].

In the script, the terrain factor k. and roughness factor c, (z) are calculated

according 84.3.2 of EN 1991-1-4 [7]. The ridge of the frame is used for defining
the reference height of wind load calculation (z).

Seismic load

The seismic design loads are calculated out according to EN1998-1:2004 [10].
The masses, from vertical loads from Eq. 25 acting on the frame during
earthquake, are concentrated in a single point at roof level (Meg). I.e. the frame is
transformed in a single degree of freedom (SDOF) oscillator.

The lateral stiffness of the frame is pre-calculated by applying two unit
concentrated forces in the corners of the frame (F; = 1 kN). From these loads, the
horizontal deflection (A;) of the frame corner is calculated, and the lateral
stiffness is evaluated as K = 2:F1/A;. The earthquake mass and the lateral
stiffness are used to evaluate the fundamental period of vibration of the frame:

M 30
T=2.7 | e

lat

Earthquake action is calculated using the lateral force method of analysis (84.3.3.2
from [10]). It is checked that T < min(4-T, 2s), so that he validity of the method is
ensured. The seismic base shear force Fy, is calculated as:

Fb:Sd(T)'Meq'A 31

Where: Sq4(T) is the ordinate of the design spectrum
Meq IS the earthquake mass
A is a correction factor for multi-storey buildings (4 = 1 is used in
the script).

The design spectrum is calculated according to EN 1998-1 [10] as:
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32
a,-S- E+l- 25 2 ,forO<T <T,
3 T, Lqg 3
ay-S -E,forTB <T <T,
q
()= 25 T
max(ag-s-—'-—c,ﬁ-agJ,forTCST <Tp
q T
25 T.-T
max(ag-s-—- < ZD,,B-agJ,forTDST
q T
Where: a4 is the design ground acceleration on Type A ground
S is the soil factor
Ts, Tc, To are the corner/control periods defining the shape of the
spectra
q is the behaviour factor.

While aq is an input which should be defined directly in the “input.txt” file, S and
the corner periods Tg, Tc, Tp are a function of the spectrum type (i.e. Type 1 or
Type 2)and the type of the ground (i.e. A, B, C, D, E, F). The spectrum type and
the ground type can be defined in the input file of the analysis.

An all analysis the value of g = 1,5 is adopted for the behaviour factor. This value
can not be modified by the user from “input.txt”.

The calculated base shear force Fy, is divided into two equal concentrated forces
acting on the corners of the single span frame.

Crane load

The crane load is calculated according to EN 1991-3 [8]. User specifies only
payload of the crane in the input file. The rest of crane parameters are

automatically selected from crane specification file “cranes.txt™.

Self-weight Q¢ of the crane without lifting attachment is approximately:
Qc ~ 4'Qr,min 33

Hoist load Qy includes the masses of the payload, the lifting attachment and a
portion of the suspended hoist ropes or chains moved by the crane structure:

QH ~ 2Qr,max + 2Qr,min _QC 34

Drive force calculation assumes steel-to-steel contact:

K= :uz Qr,min = 0’2 -2 Qr,min 35
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Figure 4. Safety distances used in crane specification file.

Transverse loads are calculated as:

Hy = max(égl,égz )M = max(gl,gz )K—IS = max(gl,gz )w,
a a a
where & = Qs+ and &,=1-¢,.

Skew loads are calculated as:

a

HS = AS f 'Qr,max = max<§l,§2)(l_2_|_kjf 'Qr,max '

where f =0,3.

Design vertical and horizontal load is calculated using following simplified
equations:

Prertmax = ?1Qc +0,Qy maximum vertical load,
Prert min = ?1.Qc minimum vertical load,
P,,, = max(p;H;; Hs) horizontal load,

where dynamic factors are ¢, =11, ¢, =199, ¢, =15.
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Calculation results

Within the cooperation with University of Thessaly on the PRECASTEEL
project, we used the analytical tools for verification of the previously published
preliminary designs [11].

In the preliminary calculations, purlins were placed at 2000 mm intervals, and
frame girders and columns were assumed to have “fork” supports at every second
purlin. This means that, the frame had a laterally and a torsion support every
second purlin (i.e. at 4000 mm intervals). The assumption concerning torsional
support is not usually guarantied by common detailing; i.e. unless special
detailing is adopted to physically support the lower flange of the beams and
columns. Because a large difference of bending stiffness between the beams and
the purlins, it is also not sure that flexible purlins can provide effective torsion
support to the frame elements.

Therefore, in the calculations we completely neglected the inner flange lateral
supports, and considered the purlins to support the frames only at the top flange
level where the purlins main support connection is located.

Re-calculation of the PRECASTEEL frames

Design situations (EN 1990):
Persistent and transient design situation with dead, snow and reduced wind load
Seismic design situations with seismic, dead and reduced snow load

We calculated two basic load combination types. For the persistent and transient
design situation (fundamental load combination) we used the snow load as leading
variable action. The frame is pre-loaded with accompanying loads (e.g. wind,
imperfections etc.) and the vertical load is gradually increased until failure of the
frame:

7G,squk +7s S HrwWowWy +7cWocCr (EN 1990 6.10) 36

Where: G, is the characteristic dead load (¢, =1.35)
S, Is the characteristic snow load (y; =1.5)
W, is the characteristic wind load (y,, =1.5,y,, =0.6)
C, isthe characteristic crane load (y. =1.5,y,. =1.0).

For seismic design, a horizontal pushover analysis with constant vertical load was
carried out. In this case, horizontal loads are gradually increased until failure of
the frame.

G + Ay +W,5S +¥,C, (EN 1990 6.12), where 37

Where: A, is the design seismic load,
and the combination factors are y,,, =0.0,y,;=0.2,y,. =0.8.
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Design methods:

General method: Linear or nonlinear in-plane analysis using beam model with
stepped cross-section, with global reduction for out-of-plane stability. Out of
plane stability separately calculated using shell based model of the frame.

Global non-linear analysis: Geometrical and material non-linear analysis
including initial imperfections; the method was used for verification of selected
failing frames previously calculated with the General method

The out-of-plane stability can be the most critical failure mode also in hot-rolled
frames. Therefore, the design methods we selected take into account, in a quite
sophisticated way using shell FEM’s, the out-of-plane buckling of frames.

Constants:

Distance between frames: 6 m

Haunch length: 9.1% (1/11) of span, 18.2% (1/5.5) of frame half

Roof angle: 15.0 % (8.53°)

Dead load: 380 N/m*

Wind load: 30 m/s, terrain type 2 (only in fundamental load combinations)
Seismic load: spectrum type 1, ground type B, q = 1.5

Material: S275

Variable parameters:

Span: 16 m, 20m, 24 m, 27 m, 30 m, 32 m

Height: 6 m, 8 m

Snow load: 750 N/m?, 1500 N/m?

Peak ground acceleration (PGA): 0.32 g, 0.16 g, 0.08 g
Base support: Fixed, Pinned

Considering all variable parameters (including the persistent/transient design
situation with no seismic load) makes 192 possible configurations that can be
calculated with our tools. We analyzed all cases from Table 4; these frames were
pre-designed by University of Thessaly [11].
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Table 4. Frame configurations selected for recalculation.
Base
Case | Span | Height | Fixed (F) Snkom; Ic>2ad Peaklgrognd Column Rafter
Pinned (H) (KN/m*) acceleration
1.1 [16m 6m F 0.75 0.32¢g HEA 280 | IPE 330
1.2 [20m 6m F 0.75 0.32g HEA 300 | IPE 360
13 [24m 6m F 0.75 0.32g HEA 340 | IPE 450
14 [27m 6m F 0.75 0.32g HEA 400 | IPE 450
15 [30m 6m F 0.75 0.32¢g HEA 450 | IPE 500
16 [32m 6m F 0.75 0.32g HEA 500 | IPE 550
1.8 [20m 8m F 0.75 0.32g HEA 320 | IPE 400
1.16 | 16 m 6m F 1.5 0.32¢g HEA 340 | IPE 360
1.17 | 20m 6m F 1.5 0.32g HEA 400 | IPE 400
118 |24 m 6m F 1.5 0.32g HEA 500 | IPE 500
119 |27 m 6m F 1.5 0.32g HEA 550 | IPE 550
1.20 | 30 m 6m F 1.5 0.32¢g HEA 650 | IPE 600
1.21 |32m 6m F 1.5 0.32g HEA 650 | IPE 600
123 |120m 8m F 1.5 0.32g HEA 400 | IPE 450
131 |16 m 6m H 1.5 0.32¢g HEA 340 | IPE 400
1.32 |20 m 6m H 1.5 0.32g HEA 450 | IPE 450
21 |16m 6m F 0.75 0.16 g HEA 280 | IPE 300
22 |20m 6m F 0.75 0.16 g HEA 300 | IPE 330
23 |[24m 6m F 0.75 0.16 g HEA 360 | IPE 400
24 |27m 6m F 0.75 0.16 g HEA 400 | IPE 450
25 [30m 6m F 0.75 0.16 g HEA 450 | IPE 500
26 |32m 6m F 0.75 0.16 g HEA 450 | IPE 500
28 [20m 8m F 0.75 0.16 g HEA 320 | IPE 330
220 [16m 6m F 1.5 0.16 g HEA 340 | IPE 360
221 [ 20m 6m F 1.5 0.16 g HEA 400 | IPE 400
222 [ 24m 6m F 1.5 0.16 g HEA 500 | IPE 500
223 [ 27m 6m F 1.5 0.16 g HEA 550 | IPE 550
224 [30m 6m F 1.5 0.16 g HEA 650 | IPE 600
225 (32m 6m F 1.5 0.16 g HEA 650 | IPE 600
227 [20m 8m F 1.5 0.16 g HEA 400 | IPE 400
3.1 |16m 6m F 1.5 0.08 g HEA 340 | IPE 360
3.2 |20m 6m F 1.5 0.08 g HEA 400 | IPE 400
33 [24m 6m F 1.5 0.08 g HEA 500 | IPE 500
34 |27m 6m F 1.5 0.08 g HEA 550 | IPE 550
3.5 [30m 6m F 1.5 0.08 g HEA 650 | IPE 600
3.6 |32m 6m F 1.5 0.08 g HEA 650 | IPE 600
3.8 [20m 8m F 1.5 0.08 g HEA 400 | IPE 400
3.20 [16m 6m H 1.5 0.08 g HEA 340 | IPE 360
321 [20m 6m H 1.5 0.08 g HEA 450 | IPE 400
322 [24m 6m H 1.5 0.08 g HEA 550 | IPE 500
323 [27m 6m H 1.5 0.08 g HEA 600 | IPE 600
3.24 | 30m 6m H 1.5 0.08 g HEA 650 | IPE 600
325 [32m 6m H 1.5 0.08 g HEA 700 | IPE 600
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Configurations from Table 4 were recalculated using the general method, both for
the fundamental load combinations and for the seismic load combination.

For the fundamental load combination, the vertical loads (i.e. dead & snow) were
gradually increased, and results are expressed as limit loads in N/m?. Before the
application of the vertical loads, frames were preloaded with all horizontal
actions, including imperfections. In seismic design situation horizontal pushover
force was applied, while vertical preload was constant. In this case, results are
expressed in KN. In Table 5 we present the limit loads (elastic resistance, plastic
resistance, SLS resistance) compared to design and characteristic loads.

Table 5. Limit loads vs. design and characteristic loads for the selected frames.

Evaluation of selected cases
Minimum percentage of exceeding the SLS and ULS limits is calculated.

Profiles Design E.Iastic P.Iastic Characteristic SLS
load resistance resistance load resistance

Case | column (hg\i'z_) kN kN KN kN Sululen

Beam 2 N/m N/m N/m N/m
N/m*~ (vert.)

1.1 HE280A 33.08 117.60 156.00 33.08 74.19 54% conservative
IPE330 1638.00 2140.00 2526.00 1130.00 1834.00

1.2 HE300A 41.26 130.40 173.80 41.26 94.08 23% conservative
IPE360 1638.00 1745.00 2019.00 1130.00 1522.00

1.3 HE340A 49.48 160.60 205.90 49.48 154.7 13% conservative
IPE450 1638.00 1612.00 1850.00 1130.00 1905.00

1.4 HE400A 55.7 174.20 210.10 b55.7 195.3 6% conservative
IPE450 1638.00 1570.00 1732.00 1130.00 1804.00

15 HE450A 61.9 203.60 240.40 61.9 270.9 8% conservative
IPE500 1638.00 1611.00 1761.00 1130.00 2143.00

1.6 HES500A 66.07 241.80 280.70 66.07 349.7 16% conservative
IPE550 1638.00 1753.00 1905.00 1130.00 2610.00

1.8 HE320A 41.3 131.60 173.90 41.3 77.95 42% conservative
IPE400 1638.00 1937.00 2333.00 1130.00 1619.00

1.16 | HE340A 42.59 187.30 239.30 42.59 126.3 42% conservative
IPE360 2763.00 3071.00 3928.00 1880.00 2999.00

1.17 | HE400A 53.19 221.50 277.80 53.19 183.9 14% conservative
IPE400 2763.00 2487.00 3139.00 1880.00 2661.00

1.18 | HE500A 63.88 289.60 346.50 63.88 356 18% conservative
IPE500 2763.00 2686.00 3270.00 1880.00 3778.00

1.19 | HE550A 71.84 318.10 375.40 71.84 433.3 12% conservative
IPE550 2763.00 2616.00 3098.00 1880.00 3950.00

1.20 | HE650A 79.93 377.90 434.50 79.93 624.4 14% conservative
IPE600O 2763.00 2691.00 3163.00 1880.00 4564.00

1.21 | HE650A 85.16 349.90 400.00 85.16 610.1 | -1% vertical
IPE600O 2763.00 2361.00 2737.00 1880.00 3996.00 capacity

1.23 | HE400A 53.19 187.30 238.20 53.19 137.4 18% conservative
IPE450 2763.00 2811.00 3274.00 1880.00 2769.00

1.31 | HE340A 36.4 107.9 135 36.4 35.77 | -2% horizontal
IPE400 2763.00 3147.00 3669.00 1880.00 2608.00 deflection

1.32 | HE450A 50.14 126.7 160.4 50.14 51.21 2% conservative
IPE450 2763.00 2560.00 3201.00 1880.00 2889.00

2.1 HE280A 16.54 91.60 108.60 16.54 64.8 32% conservative
IPE300 1638.00 1804.00 2355.00 1130.00 1491.00
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Profiles  Design load Elastic Plastic Char.load  SLS resistance
Case > > > > > Comment
kN, N/m kN, N/m kN, N/m kN, N/m kN, N/m
2.2 HE300A 20.63 91.39 104.20 20.63 80.45 8% conservative
IPE330 1638.00 1489.00 1847.00 1130.00 1225.00
2.3 HE360A 24.76 120.60 132.40 24.76 144 21% conservative
IPE400 1638.00 1702.00 1976.00 1130.00 1598.00
2.4 HE400A 27.85 118.30 129.50 27.85 195.3 6% conservative
IPE450 1638.00 1570.00 1732.00 1130.00 1804.00
2.5 HE450A 30.95 132.90 143.80 30.95 270.9 8% conservative
IPE500 1638.00 1611.00 1761.00 1130.00 2143.00
2.6 | HE450A 32.98 120.00 129.40 32.98 265 -7% vertical
IPE500 1638.00 1398.00 1521.00 1130.00 1891.00 capacity
2.8 | HE320A 20.65 87.27 98.96 20.65 56.19 -4% vertical
IPE330 1638.00 1553.00 1871.00 1130.00 1089.00 deflection
2.20 | HE340A 21.29 163.20 194.50 21.29 126.3 42% conservative
IPE360 2763.00 3071.00 3928.00 1880.00 2999.00
2.21 | HE400A 26.59 171.00 191.10 26.59 184 14% conservative
IPE400 2763.00 2487.00 3139.00 1880.00 2661.00
2.22 | HE500A 31.94 201.90 220.70 31.94 356.2 18% conservative
IPE500 2763.00 2686.00 3270.00 1880.00 3778.00
2.23 | HE550A 35.92 212.10 229.50 35.92 434.5 12% conservative
IPE550 2763.00 2616.00 3098.00 1880.00 3950.00
2.24 | HE650A 39.96 240.80 257.10 39.96 624.4 14% conservative
IPE600O 2763.00 2691.00 3163.00 1880.00 4564.00
2.25 | HE650A 42.58 218.60 232.70 42.58 610.1 -1% vertical
IPE600O 2763.00 2361.00 2737.00 1880.00 3996.00 capacity
2.27 | HE400A 26.59 148.10 169.90 26.59 112 8% conservative
IPE400 2763.00 2319.00 2976.00 1880.00 2135.00
3.1 | HE340A 10.64 115.20 123.80 10.64 126.4 42% conservative
IPE360 2763.00 3071.00 3928.00 1880.00 2999.00
3.2 | HE400A 13.29 103.70 108.10 13.29 184 14% conservative
IPE400 2763.00 2487.00 3139.00 1880.00 2661.00
3.3 | HE500A 15.97 118.5 123.7 15.97 356.2 18% conservative
IPE500 2763.00 2686.00 3270.00 1880.00 3778.00
3.4 | HE550A 17.96 121.5 126.3 17.96 434.7 12% conservative
IPE550 2763.00 2616.00 3098.00 1880.00 3950.00
3.5 | HEB650A 19.98 135 139.6 19.98 624.4 14% conservative
IPE600O 2763.00 2691.00 3163.00 1880.00 4564.00
3.6 | HE650A 21.29 121.4 1255 21.29 610.1 -1% \ertical
IPE600O 2763.00 2361.00 2737.00 1880.00 3996.00 capacity
3.8 | HE400A 13.29 95.92 100.90 13.29 112 8% conservative
IPE400 2763.00 2319.00 2976.00 1880.00 2135.00
3.20 | HE340A 8.124 65.09 76.34 8.124 28.23 28% conservative
IPE360 2763.00 3181.00 3689.00 1880.00 2397.00
3.21 | HE450A 10.71 67.71 76.52 10.71 36.73 4% conservative
IPE400 2763.00 2361.00 2867.00 1880.00 2354.00
3.22 | HE550A 15.88 96.33 105.90 15.88 67.88 0%
IPE500 2763.00 2245.00 2765.00 1880.00 2803.00
3.23 | HE600A 17.99 134.50 143.30 17.99 112.4 21% conservative
IPE600O 2763.00 2925.00 3341.00 1880.00 3921.00
3.24 | HE650A 19.98 114.60 121.30 19.98 106.4 -1% vertical
IPE600O 2763.00 2277.00 2724.00 1880.00 3240.00 capacity
3.25 | HE700A 21.32 104.90 110.70 21.32 100.9 -11% vertical
IPE600O 2763.00 2113.00 2450.00 1880.00 2991.00 capacity
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As shown by the differences between the resistances and the design loads (Table
5), the method used for the preliminary design produced conservative results. As
it can be observed, the design of almost all these frame configurations is governed
by the ULS check in the fundamental load combination. The results of the ULS
and SLS checks, in the fundamental load combination are presented in Figure 5,
as a function of the span. It can be observed that, while for shorter spans the pre-
design procedure produced very safe frames (ULS safety factor of up to 50%), as
span increases the safety is diminished. At 32m span frames, some configurations
are not safe. This tendency shows how the slenderness of the frames for larges
spans is not properly accounted by the beam model based pre-design procedure.

Small (i.e. 4%) SLS failure from the fundamental combination was only
encountered for one 20m frame (Figure 5).

60% 160%
o + ULS safety ¢ SLS safety .
*
s . 120% -
40% - . ¢ ¢
= * o *
5 S 80% |
*
£ o ¢ °* . IEE 3 ¢ . :
> 20% - - . > -
K} i o * L $ e
3 ¢ S 40% 1 o *
» N . » $ .
*
0% T *— Y L3 0 :
15 20 25 30 . 35 0% ’ ‘ ‘
. 15 20 25 30 35
-20% -40%
Span (m) Span (m)

Figure 5. ULS safety factor and SLS safety factor from fundamental loads.

Earthquake loads have not caused ULS check failures in any of these frames. In
fact ULS safety factors from the earthquake load combination range from 220% to
1064%. In other words, even with a very large earthquake load (PGA = 0.329),
these frames do not fail the ULS check. SLS check from the earthquake load
combination has failed by 2% in case of hinged base frames with 150kg/m? snow
load and very large earthquake.

In conclusion, we can affirm that the pre-design procedure used by the University
of Thessaly [11] was: (1) generally safe, but (2) too conservative for small span
frames. It is also troubling that the procedure did not produce uniform level of
safety for all spans. The method should not be used for larger span frames.

In terms the configuration of the frames: (1) it seams that ULS from fundamental
loads is the controlling check, with (2) SLS check being significant for hinged
frames in very strong earthquake regions. ULS check from the earthquake
combination has not been critical for these frames.

The failing configurations have also been recalculated using the global nonlinear
analysis method. Case 2.6 and 3.25 formed the first plastic hinge at the load that
was (multiplied with reduction factor) smaller than the design load and vertical
serviceability limit was slightly exceeded in Case 2.8. Calculation confirmed that
the ultimate load-carrying capacity (the highest load) is higher than the design
load in all cases.
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The detailed analysis of these configurations is presented in the next chapters.

4.2 Details of Case 2.6

Tl

L

S = 32000 mm |
7

Figure 6. Column HEA450, Rafter IPE500, Fixed base.

In this case the general method ultimate limit state check failed. The frame out-of-
plane stability calculation called for low reduction factor (see below).

Out-of-plane critical amplifier: Qerop =1,99
Ultimate plastic amplifier: o, =151
Overall reduction factor: Xop =0,614.

Following diagrams show that the first plastic hinge formed already at the lower
load level. Method 1 is the global non-linear analysis with all required
imperfections and Method 2 is general method, where pushover results were
calculated on the wire model without out-of-plane stability effect.
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Figure 7. Load-deflection relationship.
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Details of Case 2.8

H = 8000 mm

T1
1

> LU

L 5 = 20000 mm L
A 7

Figure 8. Column HEA320, Rafter IPE330, Fixed base.

Load-deflection diagrams below show that when the characteristic load was
reached, the vertical deformation already exceeded the vertical limit (100 mm).
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4.4 Details of Case 3.25
g
B fIL S=320C::m L

Figure 10. Column HEA700, Rafter IPE600, Pinned base.

In this case the general method ultimate limit state check failed. The frame out-of-
plane stability calculation called for low reduction factor (see below).

Out-of-plane critical amplifier: Qe op =161
Ultimate plastic amplifier: o, =138
Overall reduction factor: Xop =0,645.

Following diagrams show that the first plastic hinge formed already at the lower

load level.
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Figure 11. Load-deflection relationship.
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5 Optimization results

Several selected cases suggested in the preliminary calculations [11] were
optimized for the minimum weight.

Optimized variables:
Column: HE basic beams (HEA, HEB, HEAA)
Rafter: IPE basic beams

As a result we selected the lightest frame from the optimization and another one to
make sure that at least one of the suggested frames has HEA profiles as columns.

Table 6. Selected cases.

Case Span Snow load  Acceleration (PGA)  Base support
1.2 20m 750 N/m* 0,32 ¢ Fixed
3.20 16 m 1500 N/m? 0,08 g Pinned
3.25 32m 1500 N/m? 0,08 g Pinned

Optimization constants:

Height: 6 m

Distance between frames: 6 m

Haunch length: 9.1 % (1/11) of span S, 18.2 % (1/5.5) of half-span L

Roof angle: 15.0 % (8.53°)

Dead load: 380 N/m*

Wind load: 30 m/s, terrain type 2 (only in fundamental load combinations)
Seismic load: spectrum type 1, ground type B, g = 1.5

Material: S275 with strain hardening

Design situations (EN 1990):
Persistent and transient design situation with dead, snow and reduced wind load
Seismic design situations with seismic, dead and reduced snow load

The weight of the frame optimized for persistent/transient design situation was
always higher than the one resulting from seismic optimization. However, it was
necessary to check those configurations for all load combinations. E.g. in Case 1.2
the lightest frame resisting both load scenarios had bigger weight than each of the
optimized results.

Design method (EN 1993-1-1):

General method: Linear or nonlinear in-plane analysis with global reduction for
out-of-plane stability using beam model with stepped cross-sections and shell
model

Optimization parameters:
Number of generations: 40
Population size: 40

Optimization methods:
Selection operator: tournament selection
Crossover operator: simulated binary crossover (SBX)
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Mutation operator: polynomial mutation
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Table 7. Optimization of selected single-span portal frames (40 generations x 40 individuals).

The best individual frame

Another suggested frame

Case Span Design situation - -
Column  Rafter Haunch Weight Column Rafter Haunch Weight
Seismic HE450AA |IPE270 L/5.5 2.30t HE360A IPE300 L/5.5 257t
12 20m - Persistent L ros5n  |PE3E0 L/55 244t HE340AA IPE360 L/55 251t
fixed Transient
Combination* HE300A IPE360 L/55 2.63t (checked also for the seismic situation)
Seismic HE300AA IPE330 L/5.5 1.99t HE280A IPE330 L/5.5 2.03t
320 16m Persistent/ HE300A IPE360 L/55 235t HE280A IPE400 L/55 2.37t
pinned Transient
Combination* HE300A IPE360 L/5.5 2.35t
Seismic HEG600AA IPE5S50 L/5.5 5.82t HE500A IPE550 L/5.5 6.15t
325 32mM Persistent/ HE650A IPE750 L/5.5 7.57t HE900AA IPE750 L/55 7.73t
pinned Transient
Combination* HEG650A IPE750 L/5.5 7.57t (IPE750x137 used)

* Note: The configurations from pre-design [11] were: Casel.2 - HEA300A & IPE360, Case 3.20 - HEA 340 &

IPE360, Case 3.25 - HEA 700 & IPE 600.

Table 8. Optimization of selected single-span portal frames (40x40 in the fundamental, and
30%30 in the earthquake load combinations).
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6 Benchmarking selected optimization results

In the following study we used optimization to verify results published in The
Structural Engineer [14]. The comparative cost analysis uses Universal Beams as
hot-rolled columns and BS standards for load and resistance calculations. In that
analysis the most lightweight frame was selected based on the assumption that the
moment of inertia of column should be approximately three times the moment of
inertia of rafter in case of fixed support. Using our tool we showed that we can
decrease the column weight when optimizing in full range of profiles.

Table 9. Basic settings of the comparative study.

Universal Beams and BS IPE profiles and EC3 General
standards [14] method
. 14,4/5 m, 18/5,25 m, 21,6/5,5 m, 25,2/5,75 m,
Span/Height 28,8/6 m, 39,6/6,75 m, 43,2/7 m
Purlin spacing 1,8m 1,7t01,9m
. 5 Dead load: 0,30 kN/m”
Roof loading 1,05 kN/m Snow load: 0.75 kN/m?
Wind speed peak 46 m/s ba§|c 30 m/s
terrain category 1
Steel grade steel grade 43 S275
Base support Fixed
Roof pitch span/20 (5,7 °)
min. 50 mm profile legs
Geometric limits min. 6 mm steel thickness IPE, IPE A, IPE O, IPER, IPE V

from 100 to 750 mm height,

and assumptions | average column moment of inertia ;
section class max. 3

is 3 times rafter moment of inertia

Knee haunches span/8
Loading BS 6399 D_es!gn I,?admg for Eurocode 1
standards buildings
Design BS 449 “The use of structural steel Eurocode 3: General method

standards in buildings”

For the optimization we used 40 generation with population of 40 frames in each
generation (40x40). Considering the number of possible combinations of profiles
this setting cannot guarantee the absolute optimum in all cases (e.g. the 18 m span
calculation shows that the rafter can be further optimized), but still produce results
that confirmed the proper steel consumption in rafters and a constantly growing
difference in column weight.
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Table 10. Optimized steel consumption.
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Geometry Universal Beams and BS standards [14] IPE profiles and EC3 General method
Span Height Rafter Column Rafter Column

(m) (m) Profile kg/m Profile kg/m Profile  kg/m Profile kg/m
144 5.00 UB254x146x31 31.1 UB356x171x45 45 IPE200OR 26.6 IPE330A 42.9
18.0 5.25 UB305x127x37 37 UB406x178x60 60 IPE360 57.1 IPE330A 42.9
216 550 UB356x171x45 45 UB457x191x74 74 IPE330 49.1 IPE400A 57.4
252 575 UB406x178x54 54  UB533x210x92 92 IPE400A 57.4 IPE400O 75.7
28.8 6.00 UB457x191x67 67.1 UB610x229x101 101.2 | IPE450A 67.1 IPE500A 79.2
324 6.25 UB457x191x74 74 UB686x254x125 125 | IPE450A 67.1 IPE6OOA  107.5
36.0 6.50 UB533x210x82 82 UB762x267x147 147 | IPE500A 79.3 IPE6OOA  107.5
39.6 6.75 UB533x210x92 92 UB762x267x173 173 | IPES00A 79.3 IPE750x137 137.4
43.2 7.00 | UB610x229x101 101 UB838x292x176 176 | IPES50A 91.8 IPE750x137 137.4

Unfortunately, we could not compare the weight of the structure directly because
the methodology of evaluating the weight of the frames was not published in the
comparative cost calculation paper [14], and it probably includes other parts of the
structure (e.g. purlins, stiffeners, columns base plate, wind bracing, etc.).
Therefore, a comparison of the cross-sectional mass level has been performed, and
is presented in Figure 12.
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Figure 12. Optimized steel consumption on columns and rafters using universal
beams (UB) and IPE (EU) hot-rolled profiles.
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Conclusions

The results of portal frame design and optimization are presented in this report.
We investigated HR and TW frames and we used three alternative design methods
(GNLA, GMA and IFM), varying in sophistication and required analysis time. All
three design methods conform to design codes used in Europe, i.e. [6], [7], [8],
[91, [10].

One of the conclusions in the design phase of the frames was that the pre-design
of the frames, carried out the University of Thessaly [11], produced generally
conservative frame configurations. The degree of conservatism was decreasing
with the span of the frames from 40 - 50% at 16m span to 0 - 5% for 32m spans.
This variation of the degree of conservativeness shows that the pre-design
procedure was not working well for slender frames.

We also observed the difficulty of applying the IFM when it came to evaluating
the slenderness of members and the corresponding buckling reduction factor. The
effect of slenderness was less important for short spans, reducing the possibility to
misevaluate the load capacity. However, as slenderness increases with larger
spans, the proper evaluation of the member slenderness becomes the key question
of the design. In these cases the IFM methods leaves many occasions for design
error.

GMA presents good balance between required design effort and accuracy of the
results. We benchmarked GMA based results with earlier reports [14] , finding
good correlation. GMA has good sensitivity to slenderness due to the incorporated
buckling analysis, and the support conditions frames can be represented
accurately (e.g. eccentric translational supports). Hence, the many controversial
“support assumptions” used in the IFM are eliminated. The disadvantage of the
GMA method is, that it tries to “lump” the slenderness properties of the frame into
one number (i.e. a global reduction factor). This can be less accurate then having
separate reduction factors for each member (IFM). In our experience, this
disadvantage causes much less problems to the designer, then coming up with
procedures to predict the slenderness of members in the IFM. Also, the GMA
method is always conservative if the supports are properly represented, unlike the
IFM where a few “engineering assumptions” can easily lead to unconservative
design.

The GNLA method is very costly in terms of computing time. Therefore, in our
studies it has been used only as comparison basis for the GMA and IFM designs.
We assumed that the GNLA is the method which can predict most accurately the
capacity of the frames, even if use of the large imperfections suggested by EN
1993 [9] can seem controversial. As a note, one should remember that these
imperfections are “equivalent geometric imperfections”, meant to account for the
imperfections of the real structure, geometric but also residual stresses. One major
disadvantage of the GNLA, in our implementation, is that we can not perform
plastic design, as the concept of “plastic hinge” is not interpretable on the shell
models used for GNLA. This leaves the GNLA with some conservativeness too
especially in HR frames.
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All three methods seem to perform well in the genetic algorithm (GA)
optimization context of large number of repeated runs. During the GA runs many
disproportionate frames are created and analysed. These frames are later
eliminated during the selection process, but it is the nature of the GA algorithm to
produce these frames, as it is trying to screen the design space for the optimal
configuration.

One problem for such disproportionate configurations in GMA and GMLA, is that
they tend to require very finer meshing in FEM, therefore resulting in large
models slowing down the analysis. It is possible, for speeding up analysis, to set
geometrical limits for frames. The disadvantage of using such limits is that the
search space becomes narrower, some configurations being a priory excluded.

In terms the optimal frame configurations, especially focusing on the HR
configurations calculated in this study:

e It seems that ULS from fundamental loads is the controlling check for almost
all our frame configurations (Table 5).

e The horizontal SLS check is significant for hinged frames, in very strong
earthquake regions with PGA = 0.32g. ULS check from the earthquake
combination has not been critical for these frames.
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Annex A: Benchmark calculation

Frame configuration

Geometry

S=20m+hg,., =20,2m (span of the frame)
H =6 m (eaves height)

T =6 m (distance between frame centres)

o =15% (roof pitch)

L, =S/5.5 (length of the haunch)

Cross-sections

Npear =400 mMm =
Py aunen = 800 mMm i
Neytumy = 200 MM @
b =260 mm !
t, =10 mm !
t,=8mm |

|

-

Characteristic vertical loads
Praq =0.38 kN /m? (including purlins and self-weight estimation)

P =0.75kN/m? ,

snow

Material properties
f, =275 MPa

E = 210000 MPa -
G =81000 MPa

Purlins
hounin =240 mm- (purlin height)

a..m =1.23 m (distances between purlins)
a =1.29 m (distances between side rails)

column

Points of calculation

A apex cross-section

B beam - end of the haunch
Cy corner section of the beam
C, corner section of the column

D column - base support section
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Ultimate limit states calculated at the design load level 1640 N/m*

Method 1
Global analysis

Method 2
General method

Method 3
Member checks

Structural limits

Internal stress exceeds yield strength

ULS interaction formulae
and shear check

vertical deflection U, =100 mm

horizontal deflection v,

=60 mm

Global stability

Sway imperfections 21.2 mm

In-plane _In-plane t_Jow Reduction factors
member stability imperfections 0.892 (beam)
40.4 mm 0.960 (column)
Bow imperfections N COMPression
25 5 mm _ 0.293 (beam)
Out-of-plane Overall reduction factor 0.653 (column)
member stability 0.549 in bending
0.497 (beam)
0.389 (column)
In-plane_c_rltlcal 270 19.1
amplifier
Out-of-plane critical 349
o 3.49 n/a
amplifier
Order of calculation 2"% order 2"% order 1% order
A 55.4 kN 54.8 kN
B 68.2 kN 67.9 kN
Axial forces C; n/a 68.5 kN 74.2 kN
C, 99.4 kN 99.8 kN
D 102 kN 99.8 kN
A -97.0 kNm -92.2 kNm
. B 68.1 kNm 62.5 kNm
Egmgi C n/a 271 kNm 256 kNm
C, 272 kNm 267 kNm
D 0.00 kKNm 0.00 kKNm
A 2.68 kN 8.49 kN
B 55.0 kN 55.4 kN
Shear forces | C; n/a 84.1 kN 84.3 kN
C, 55.3 kN 55.7 kN
D 50.8 kN 50.2 kN
A 89.5 MPa
Extreme fiore B 66.4 MPa
normal C, n/a 102.1 MPa n/a
stresses C, 105.2 MPa
D 15.4 MPa
ULS Capacity 2800 N/m” 2272 N/m” 1761 N/m?




WT RESEARCH REPORT VTT-R-01157-10
45 (57)

Serviceability limit states calculated at the characteristic load level 1130 N/m*
Method 1 Method 2 Method 3
Global analysis General method Member checks
Initial deformation $way and .bOW SW&Y and m-p_lane Only sway imperfections
imperfections bow imperfections
A 39.3 33.1mm 33.5mm
; B 10.9 mm 10.5 mm
Vertical
deflections < 0.4 mm 0.6 mm
C, 0.1 mm 0.3 mm
D 0.0 mm 0.0 mm
A 1.0 mm 0.4 mm
; B 4.2 mm 3.7mm
Horizontal
o — 1 5.50 6.3 mm 6.5 mm
C, 6.7 mm 7.7mm
D 0.0 mm 0.0m
SLS Capacity 3088 N/m® 3359 N/m® 3410 N/m®
Load-displacement relationship
6000 -
5000 -
SLS limit (200 mm)
—=— Method 1
4000 + —=— Method 2
e —=— Method 3
£ 3000 | /\\
e]
@©
o .
w00 S
1654
1130
1000 - characteristic
load
0 T T T T T 1
0 50 100 150 200 250 300

apex vertical displacement (mm)

Figure 13. Load-displacement comparison of used methods.

Method 1: Global analysis - detailed calculation

Loading (EN 1991)

The rafter is loaded with vertical point loads at each purlin

F

des

=P8, 1 and 0.5F, atthe eaves.

des

The load level P gradually increases until the frame collapse P,, while internal
stresses are measured at the design load level. In the vertical pushover analysis
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snow load is considered to be the leading variable action and a combination of
actions for persistent or transient design situation (fundamental combination) is
calculated as follows:

P

des

= V.50 Peas + 75 Ponow = 1.64 kKN /m? (EN 1990 6.10),

and deflections are measured at the characteristic load level

P

char

=P

deal

,+P. =113kN/m?,

snow

Dead load 380 N/m?
Snow load 750ﬂl\|/m2 @ @
@ @ o

T S/2=10m

-
-t

\

Figure 14. Loading of the frame.

Imperfections for global analysis of frames (EN 1993-1-1, 5.3.2)

The appropriate sway imperfection is applied as increment to each node x-
coordinate:

Ximp = X+ Yy -tang,
Ximp = 21.2 mm at frame corner, where y = 6000 mm
where ¢ = % ~0.00356 (EN 1993-1-1, 5.3.2)
o, = max E'min(l'ij =0.816 (EN 1993-1-1, 5.5)
h 3, ’,\/ﬁ . y .

a, = 0,5[1+iJ =+/0.75=0.866 for m=2 columns.
m

Initial bow imperfections for buckling curve ¢ (out-of-plane buckling)

L :0.5(0.58)/c05a
200 200

=25.5mm

e, =0.5
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Critical load

We received the first buckling mode with positive load amplifier from the linear
eigenvalue analysis (LEA) on 3D shell model. The critical load amplifier is:

a, =3.4889

U, Megritude
1.020a420

+3.577e-C2
+2.0008+20

ODB: Job-132.0db AbacLs/Ztandad 6.9-2 Tue Dec 08 10:37:29 FLE Szandard Time 2003

T Staoi LEA-z
Mndr 1 Figentvalie = 44444
L Prary var: U, IFzcnizude
7 Ceformed wers U Deformation Scale Tactor +2.043e+07

Figure 15. The first buckling shape.

Imperfections were scaled to 25.5 mm and used in the pushover calculation
together with sway imperfections 21.2 mm.

Pushover analysis

The perturbed 3D shell model was loaded with increasing load (Riks step in
Abaqus) as so called Geometrically and Materially Non-linear Analysis on
Imperfect Structure (GMNIA).

S, Mises 3, Mises ) )

Multiple section paints Multiple section points

(Awg: 79%) (Avg: 79%)
+2.323e+02 +3.85% 402
+2.130e+02 +3.54de+02
+1.938e+02 +3.233e+02
+1.745e+02 +Z.920e+02
+1.553e+02 +2.607e402
+1.360e+02 +2.284e+02
+1.166e+02 +1.951le+0:2
+9.753e+01 +1.668e+0z2
+7.626e+01 +1.355e402
+5.9053e+01 0:39:18 FLE Standard Time 2009 +1.043e+02 310:39:19 FLE Standard Time 2009
+3.978e+01 +7.297e+01
+2.0538+01 +4,1688+01
+1.2862+00 +1.039e+01

)

Figure 16. Stress and deformation at the design load level (left) and at the
ultimate load (right).
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Method 2: General method (EN 1993-1-1, 6.3.4) - detailed calculation

Loading and imperfections (EN 1991 and EN 1993-1-1, 5.3)

We used the same loading and sway imperfections as in the previous analysis.
This time it was applied to beam model (wire elements).

Initial bow imperfections for buckling curve b (in-plane buckling)

e = L _(0.58)/cosa _40.4mm.
250 250

In-plane critical load

We received the first buckling mode with positive load amplifier from the linear
eigenvalue analysis (LEA) on 2D beam model. The critical load amplifier is:

a, =27.005

—

| \

Figure 17. The first in-plane buckling mode.
In-plane imperfections were scaled to 40.4 mm and used in the pushover
calculation together with sway imperfections 21.2 mm.

Pushover analysis

The perturbed 2D beam model was loaded with increasing load (Riks step in
Abaqus) as so called Geometrically and Materially Non-linear Analysis on
Imperfect Structure (GMNIA).

The minimum load amplifier of the design loads to reach the characteristic
resistance of the most critical cross-section without taking out-of-plane buckling
into account is:

Qe = 2.5275
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g4, ML
+4 4R e =l
+7.390e—00
+5501e—08
+3.193e-08
+370e—08
+2.395e—08
+3.063a—07
4,323

1.3 I
ERSr N ET ]
-4,333=+00
R Rt ]
-F. 037 =+00

SF, SF1

-1 996e+05
-2125e+05
-Z255e+05
-2.381a+05
-2 S5l4e+05
-2 E13a+05
-Z FTIe+05

2.002c 108
BRIt b
-1101e+03

.liﬁlﬂu'ﬂ,‘“"""
1] |:|| ml"ﬂ?!#lll I

|""H' ] i
b

{THTT

ar, 5r2
126620105
+2 AR+
+2.001e+05
+2.370e+05
+9.393e+0=
+5.087a+07
+7.806e+03
35260104
=AY RE 13
-l.2sde+]d
-lédde+]s
-2.075e+13
-2.506a+13

Figure 18. Internal forces at the ultimate load level: Bending moments (top),
Axial froces (middle), Shear forces (bottom).
Out-of-plane critical load

The first positive out-of-plane buckling mode was calculated on the 3D shell
model. Its eigenvalue is the same as in the previous calculation (Method 1). The
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minimum load amplifier of the design loads to reach the elastic critical resistance
with regards to lateral or lateral torsional buckling is

Oy op = 3.4889

cr,op

General method calculation

The reduction factor was calculated using EC3 buckling curve “d” and the global
non-dimensional slenderness for out-of-plane buckling:

Zop = m =0.851
V acr,op

By =051+ ar(ep ~0.2) 4+ 75 |=1.110,
where o =0.76

1

= =0.549.
op —
op +\/¢02p —Aop

X

Overall resistance of the structural component can be verified using following
condition:

ZopCuix [ Y1 =1.388>1,0

Method 3: Member checks (EN 1993-1-1) - detailed calculation

Loading and imperfections (EN 1991 and EN 1993-1-1, 5.3)

The rafter is loaded with equally distributed vertical load (dead load, snow):

Pres = 76,50 Paead + s Ponow =1.64 KN /m? ~9.83kN /m (EN 1990 6.10),
where ¢, =1.35, 75 =15

and P

=P +P. ., =113kN/m?~6.78 KN /m for serviceability limit state.

snow

The appropriate sway imperfection is applied as increment to each node x-
coordinate:

Ximp = X+ Yy -tang,

where ¢ = % —~0.00356 (EN 1993-1-1, 5.3.2)
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max( m|n D =0.816 (EN 1993-1-1, 5.5)

=0.866.

Internal forces and cross-sectional resistances (EN 1993-1-1)

Internal forces

axial forces N, bending moments M ¢, shear forcesV, g
A: beam apex 54.8 kN -92.2 kNm 8.49 kN
B: beam constant part 67.9 kN 62.5 kNm 55.4 kN
C,: beam corner 74.2 kN 256 kNm 84.3 kN
C,: column corner 99.8 kN 265 kNm 55.7 kN
D: column support 99.8 kN 0.00 KNm 50.2 kN
Cross-sectional resistances
Ngo = A- fy My re =We, - fy Vi =A - fy/\/§
A, B: beam 227 kN 322 kNm 483 kN
C: corner 315 kN 775 kKNm 991 kN
D: column support 183 kN 140 kNm 229 kN

In plane critical multiplier (Davies [4])

3EI,
Q. = 4 =19.1
(N Ed,Dh + 0’3NEd,BS)

where s, h are lengths of rafter and column

I s
R=_P" -0.377

h

I,

The first order elastic analysis is carried out because o, >10.

Critical loads

a) In-plane flexural buckling
Equivalent moments of inertia are (CTICM):

1

For beam: |, o pean = =490-10°mm*
" 3 AS
I
Iy,Cxl Iy,BXZ
Lbeam — I-h
where 4 =—"=0.337, A, =—=n " _ (663

beam beam
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x1=(1 ¥ o . L =0.082
o) A —1-[L+ (& -1)1+6)]Ing,
(1 a1 o @i E -t a)ing)
51=M=1.97, &= /I"—'B=0.456

I‘h Iy,C
X, = L = 4.65

(1+5,) 57 2
— +
52 -1 52(52 _1) (52 -1

[
5,=0.00, &= |25 =219
Iy A

)3 (52 _1_[1+(52 _1)(1+52 )]In 52)

For column: 1. coum = 1y.c % =619-10°mm*
1
X, = — ~1.65
1+6. 0. 2
Lray & (6 1B (e -1ea)ng)

51 -1 51(51 _1) " (51 _1)3

|
5,=0.00, & = IV'D =0.456

y,C
Critical lengths are:

For beam: L, | eam = Liean =9.84 M

1-0.207, +11,)- 01211, _g 0
1-0.8(n, +1,)+0.6m,7,

For COIumn: Lcr,y,column = I-column\/

KC

c 12

where n, = =0.814 n, =0.00

I |
K, =S 100273 mm* - K, = 55 = 24890 mm’

column beam

Coefficients of variable cross-sections (Sapalas et al. [2]) are

I min I B
For beam: ™ == =0.208 = «, =0.746

y,max y.C

I min I D
For column: 2™ == =0.045= a, =0.619
y,max y,C
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y,min

y,max

a, 0,563 0,629 0,676 0,740 0,788 0,829 0,864 0895 0924 0951 0976 1

0,01 0,05 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 09 1

Critical forces are:

_ 2
For beam: Ncr'FBy:(l Lo 1 058 th E _9740kN

—Qa
¥€055 " 055 )L peam
2
El
For column: N, o =a, 7Z—y<: =18760 kN
cr,y,column

b) Out-of-plane flexural buckling (between supports)

Critical lengths are equal to the distance between lateral !
restraints. Critical forces are: -

7’E

|
For beam: N, = — == = 40142 kN

beam

T?E

IzD
=————=36445kN

2
column

For column: N o,

c) Torsional buckling (between supports)

Critical lengths are equal to the distance between lateral
restraints. Critical forces are:

I, sE72/L +Gl
Beam: Ncrmz(W'B i F;Z'beam) B — 48278 kN

IO,B

(IWDEH2 /Lir zcolumn)+G|t D
Column: N ;5 =— E — = 28603 kN

IO,D

d) Torsional-flexural buckling (eccentrically restrained)

Critical forces calculated from the shallow end are:

o+, .e2 \EZ?/L2_ )+ Gl
FOI’ beam NC",TFB — ( w,B z,B ZVBZX — beam) t,B
eZ,B +I0,B

=947 kN

Lo+ 1,06 5 \EZ* /L2, 1m )+ Gl
For column: N, :(W'D 20850 JEZ* L)+ Gl = 2378 kN

2 +2
eZ,D + IO,D
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e) Lateral torsional buckling (between supports)
The moment gradient factor estimation is C, =1.14.
Critical moments are:
2
For beam: M, =C, 7°E |lus + Buran Gl =8977kNm
¢ ageam IzB ﬂ-zE z,B
2
For column:  m_=c, 7B [luo + Beonmn i =5532kNm
“ a(?olumn Iz,D ﬂ-zEIz,D
f) Lateral torsional buckling (eccentrically restrained)
Critical forces calculated at the deep end are:
oo+ 1 82 \EZ?/L2, )+ Gl
For beam: Ny, 15 = ( wert el z,(;lx 72 beam) tC1 _ 787 kN
ez,Cl + IO,Cl
oo, + 1 € \Ex?/L%, )+Gl
For column: N, 1 = ( we2 T lzco z,czzx 7[_2 column) €2 _ 9941 kN
ez,CZ + IO,CZ
Equivalent section factors are
For beam: ¢ =1+(c,-1) Ly =1,06 (from table F.2 [15] ¢, =1,108)
beam
For column: c¢=c,=143
Equivalent moment factors are
m ZL(MC,RdJ MSdl +3M8d2 +4M8d3+3MSd4 | MSdS +2,U
t ! SE
12 MSd min Mc,Rdl Mc,RdZ Mc,RdS Mc,Rd4 c,Rd5
For beam For column
MSd Mc,Rd MSd Mc,Rd
1: deep end 255 KNm 775 KNm 265 KNm 775 KNm
2: quarter span 133 kNm 499 KNm 199 kNm 592 KNm
3: half span 3,42 KNm 322 KNm 132 KNm 425 kNm
4: three quarters <0 322 KNm 66,2 KNm 273 KNm
5: shallow end <0 322 KNm 0 140 kNm
(Me g/ Mgy ), 3,05 2,93
Hse <0 <0
m, 0,296 0,810
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Slenderness is calculated as

Licar /1 N
For beam A = an b1 =160,7, where ¢ =2~ Y“Z'Cl/ 2 =1,269
I L2 o
\/Ol-i‘ t,Cl2 beam-2
2,677, o4l
Locar /1 e n+1,c,/1
Column 2 = TS =92,8, where ¢ =2 V_“'ZCZ/ €2 =1,366
a+ It,CZLiolumn o
2,671, ¢,iC

Relative slenderness

. W, 2e
For beam:  Aur =cy/m, [—2%. Z2A 7 =0.943

A’:l I0
= W 2e,

For column: Aur =cym, [—2%2 I—ZDA =1.167%*
2 0

* Note: Because Air >1,0 we can try using ¢=1,0 and e,c, but in that case

Aur = 0,886 making calculation unconservative.

Critical moments are:

For beam: M, :( 1 ZJMWO =872kNm,
m,C

12
I0

where M, :( ijTFB =292 kNm.

eZ,Cl

1
m,c

2

For column: M, :( chro =569 kNm,

:2
I0

where M, :( ijTFB =936 kNm.

ez,CZ
Reduction factors

Reduction factors are calculated for in-plane and out-of-plane axial resistance
reduction and for bending capacity reduction in lateral torsional buckling.

1
Z_¢+w/¢2—712

p=05l+ali-02)+ 7|

, where
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> NRk max H i
A= N— for axial compression
— |[M
A= /NTL”W for bending

In case of out-of-plane compression and lateral torsional buckling, the minimum
reduction factors are used:

Beam Column

a A ) X a A ) X
FBy 0.34 0.482 0.664 0.892 0.34 0.312 0.568 0.960

FBz,
TF, TFB 0.49 1.697 2.307 0.258 0.49 0.903 1.080 0.598

LTB 0.76 0.943 1.227 0.497 0.76 1.168 1.549 0.389

Interaction factors

k,, =min|C_ 1+0,6IYL ;Coy 1+06N— and
ZyNRkM/Ml Rk/7M1

. - max{l_ 0,054, Ney ., 005 N, }
Y (CmLT _0125) X:Ne ! 71 , (CmLT _0’25) X Ne ! Vs

Equivalent uniform moment factors are
Cpy =09
= max(0,6+ 0,4y ;0,4) for columns
C~mLT =max (0,2 + 0,8c, ; 0,4) for beams where a >0
.+ =max(0,1-0,8a ; 0,4) for beams where a; <0and y >0
[

c,
C.,.r = max[01(1—w)-0,8as ; 0,4] for beams where o, <0and y <0

Moment distribution factors are
V= My,Ed,llMy,Ed,S
as = My,Ed,S/My,Ed,S

Interaction factors

k‘yy k zy
A: beam apex 0.907 0.969
B: beam constant part 0.99 0.965
C,: beam corner 0.907 0.970
C,: column corner 0.906 0.993

D: column support 0.910 0.988
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Limit states conditions

Members subjected to combined bending and axial compression shall satisfy ULS
conditions expressed in EC3 as interaction formulae (EN 1993-1-1, 6.3.3):

Neg + Mvad Neqy n My,Ed V. e

ZyNRkM/Ml W%LTMy,RkM/Ml X New ! Vs Y ZLTMy,RkM/Ml Vz,Rk/7M0
A: beam apex 0.549 0.651 0.018
B: beam 0.388 0.491 0.115
C;: beam 0.630 0.736 0.085
C,: column 0.833 0.930 0.056
D: column 0.057 0.091 0.219

For SLS the maximum of vertical deflection of a beam cannot exceed 1/200 of the
span and the horizontal deflection of the column 1/100 of its height.

vertical deflection horizontal deflection
Uy, =100 mm Vi =60 mm
A: beam apex 33.5mm 0.4 mm
B: beam constant part 10.5 mm 3.7mm
C,: beam corner 0.6 mm 6.5 mm
C,: column corner 0.6 mm 7.7 mm
D: column support 0.0 mm 0.0m

Assuming linear elastic behaviour, predicted load-carrying capacities are
P, =1761N /mm’

P.. =3410 N /mm?

sls





