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Abstract

The present thesis deals with the structural instability of axially compressed thin-
walled beams with open cross-section. Experimental and numerical (FEM) results will
be shown for cruciform section beams with stiffeners placed in different positions.
Such stiffeners are represented by longitudinal plates, which connect the flanges on
a beam portion, thus providing intermediate warping restrictions.

This work is structured into five chapters.

Chapter 1 is an introductory chapter in which the problem is framed and early studies
are mentioned.

Chapter 2 gives some remarks on the instability of thin-walled beams subject to
compressive axial load.

Chapter 3 presents the experimental set-up and the instrumentation used to
investigate buckling, as well as the programs used for data acquisition and
processing. Furthermore, this chapter describes the experimental campaign and the
results obtained under two end warping constraint conditions, i.e. free and (partially)
restrained warping.

Chapter 4 is devoted to the numerical analyses. The numerical simulations were
implemented in Lusas finite element code, and the results were compared with the
experimental ones.

Finally, chapter 5 presents some conclusive considerations regarding the results

obtained.
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Chapter 1

Introduction

The main problem in civil engineering is collapse. This can happen for two basic reasons:

- the material overcomes its resistance so the structure reaches unbearable stress levels;

- the structure loses stability and collapses because its stress levels are lower than the

resistance limits of the materials;

The present thesis focuses on the structural instability of open thin-walled beams. In
particular, the static behaviour of compressed beams of cruciform section (double I) with
stiffeners placed in different positions, was investigated experimentally and numerically.

The stiffeners (buttens) are designed to increase the stiffness against cross-sectional
warping. | have conducted an experimental campaign and a numerical analysis where two
end constraint conditions were used: free warping and restrained warping. In this way a static
stability study was carried out for each specimen to identify the buckling load. The results
obtained were compared with the results from other experimental campaigns and finite
element models.

In structural engineering, cruciform-sections are mostly used for compressed elements such
as columns. Slender elements with cruciform sections are subject to compression instability
which is generally manifested by pure torsion which consists in twisting around its own axis.
This phenomenon will be dealt with in the next chapters.

In Italy the most important structure with cruciform columns is the De Cecco Headquarters in

Pescara (figure 1.2), designed by Massimiliano Fuksas.
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Figure 1.2 — Directional pole De Cecco

Before this thesis, other studies were carried out on compressed thin-walled beams with a

double | symmetric section in aluminum in order to identify the buckling load. To test these
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beams, a universal testing machine (MTS) and piezoelectric pickups were used. The
specimens were tested under two axial constraint conditions, these are free and partially
restrained warping of the end sections. The specimens were therefore subjected to
increasing compressive axial displacement up to the post-buckling condition. Following this
approach, several specimens were tested in order to study the effects of warping rigidity on
buckling loads. The instability that has occurred is torsional, so the cross-section rotates
around the beam axis, which remains straight.

Considering the beam in a free warping condition, the experimental critical load is about 16
kN, while the value given by the FEM is 16.5 kN. On the other hand, considering the beam in
a semi-restrained warping condition, the experimental critical load is about 22 kN, while the
value given by the FEM, for a fully restrained end warping, is 38.4 kN.

The buckled shape of the beam is similar in both constraint conditions. The difference is in

the warping of the end sections, in one case it happens and in the other it doesn'’t.
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(a) (b)

Figure 1.3 - (a) Instability of the beam in the free warping condition: torsion buckling mode, detail of warping of the end
sections. (b) Instability of the beam in the partially (experiments) and fully (FEM models) restrained warping condition:
torsion buckling mode, detail of the end sections and top view of the plastic post-buckling twisted configuration.

The experimental results show an influence of warping and warping constraints. It was
noticed that there was an increase of buckling loads due to the restriction of warping
deformation of the end sections. (G. Piana et al., 1, 2017)

Another study was conducted before this thesis. It investigated the effect of an internal
warping constraint (intermediate stiffener) on the stability of the same thin-walled profile. The
stiffener connected the external flanges of the cross-section in such a way as to provide a
four-cell box section.

Through numerical simulations, conducted by a finite difference (FD) model, it was shown

that the introduction of a local stiffening could increase the critical load for torsion buckling
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when the profile was axially compressed. However, the result also indicated that a wrong
position of the stiffener (around the midpoint of the beam) could decrease the critical load.
This is a counterintuitive result that requires a validation. The experiments and the numerical

(FEM) simulations of the present thesis aim at a deeper investigation of this problem.
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Figure 1.4 — Buckling compressive loads vs. locations of the stiffened cross-section: (a) free, (b) fully restrained, and
(c) semi-restrained warping conditions.

For example, considering the beam with stiffness placed near one of the ends, in the
condition of free warping in both ends of the beam, the critical load can increase up to 10%.
If warping of both beams ends is restrained, the maximum increase is reached when the
stiffener is placed between 1/10 and 2I/10, with a percentage gain of about 9% and 10%, for

the fully and semi-restrained case, respectively. While the maximum decrease of the critical
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loads is attained around midpoint of the beam, with a percentage gain of about 45%, 51%,
and 42% for free, fully and semi-strained warping, respectively. (G. Piana et al., 2, 2017)
Finally, the last study | considered, was about the same cruciform beam but this time
characterized by a localized cross-section reduction introduced by removing a small portion
of the flanges on the beam. The reduction was 10 mm and simulated a local damage. This
yielded a cruciform cross-section with negligible warping stiffness on a beam portion (10
mm). Also in this study, the beam was analyzed under free, semi-, and fully restrained
warping at its ends. Comparing the damaged beam with the undamaged beam, a decrease
of the buckling loads was found of 46%, 14% and 18% respectively for free, semi- and fully
restrained warping conditions. At the end of the test the beam underwent a torsion buckling
with the maximum rotation at the weakened section. (G. Piana et al., 3, 2017)

The studies mentioned above were developed at the Politecnico di Torino in cooperation with
Sapienza University of Rome. Other studies concerning torsion, warping and stiffening
emerged from bibliographic research.

Figure 1.4, taken from some lecture notes of Prof. P. Gelfi at University of Brescia, illustrates

the effect of different stiffening plates on the torsion (uniform vs. non-uniform) of in | beam.

el /
(5

e = D

(a) (b)

Figure 1.4 — (a): Torsional support; (b): semi-interlocking torsion.
Figure 1.4 (a) shows the case where the constraint is able to prevent the torsional rotation
but not the warping. Conversely, Figure 1.4 (b) shows the case where warping is (at least
partially) prevented.
In the first case there is pure torsion, while in the second one the stress state is called non-
uniform torsion and it occurs when sectional warping is not constant along the beam due to
the presence of the constraints or because the torque varies. (P. Gelfi,
http://gelfi.unibs.it/lezioni_acciaio/Lezione10.pdf)
An article was written at Gdansk University of Technology dealing with “numerical simulation
of a thin-walled beam with warping stiffeners undergoing torsion”.
Thin-walled beams with open cross-section have relatively small torsional stiffness. The

performance of the structure can be considerably improved by adding some constructional
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stiffeners like battens. This types of stiffeners partially prevent cross-section warping, as

pointed out before.

Figure 1.5 — Battens in I-beam

Numerical simulations performed for thin-walled beams with constructional stiffeners pointed
out the essential influence of the analyzed stiffeners on the torsional behaviour of the
structure. In fact they noticed that adding battens, the torsional rigidity of beams is increased
by 64%. (Kreja and Szymczak, 2002)

Another very interesting article is written by Svensson and Plum, entitled "Stiffener Effects on
Torsional Buckling of Columns”. This paper presents an analytical evaluation of the effect of

locally placed stiffeners. The section taken into consideration was the following:

Figure 1.6 - Stiffening arrangement and stiffened section

These stiffeners are necessary to improve the torsional stability properties as they prevent or
partially prevent warping.

The torsional buckling load for a column pinned at both ends is

C

__1 2 2
Pe_rsz(T[ +18)

While the torsional buckling load of the stiffened column is

Gy
Postirr = W(Pé + 8%
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Where:

-p?% = CC—LZ . In this equation L is the length of the column, and C and C; are the
1

torsional and warping rigidities.

-1 =,/(y + L,)/A is the polar radius of gyration.

It can be seen by comparing this expression for the unstiffened column, the effect of the
stiffeners is measured by the value of pgy-pg is a function of stiffeners position z, and
stiffness k.

Two special cases are treated in detail. This allows for a quantitative measure of the effect of
stiffeners as a function of their dimensionless warping restraint stiffness, k, and position. The
column is supposed to have been pin supported at the ends. First, the case of one stiffener is
investigated. It is demonstrated that the optimum position zg, measured from the end of the
column, is 0.219L for k—oo and slightly smaller for finite values of k. The case of two
stiffeners symmetrically placed with respect to the column midspan is characterized by the
presence of anti-symmetrical as well as symmetrical modes. As k—oo anti-symmetrical
modes are decisive for the stiffeners being placed between 0.15L and 0.25L from the ends.
For k<27 only symmetrical modes are of the interest irrespective of the position of the
stiffeners.

Figure 1.7 shows an analogy between the section studied in that article and the one of this
thesis. In chapter 4 a comparative analysis will be made in numerical terms. (S. E. Svensson
et al., 1983)

Figure 1.7 — (a) Stiffened section of the thesis; (b) Stiffened section of the article



Chapter 2

Remarks on the flexural-torsional buckling of
compressed thin-walled beams with open section

Thin-walled open sections are characterized by very small torsional stiffness, so that buckling
may occur with a twisting of the sections around a longitudinal axis (torsional instability),
possibly accompanied by an inflection in one or both main planes of inertia (flexural-torsional

instability).

2.1 Torsional buckling of compressed beams

Straight-axis beams subjected to axial load may be subjected to torsional balanced
deformation.

We consider a beam with an open thin section and thickness & variable with curvilinear
abscissa s. The invariability of the shape of the section is assumed. Furthermore, the section
can be variable with the abscissa z but the shear centres C are aligned and the straight line z
of the centres cannot be deformed. The beam is loaded by axial compression forces.
Deformation is characterized by the rotation 6 of the straight section around the z axis,
coinciding with the straight line of the shear centres. The derivative of 8 represents the angle

of rotation between two distant sections of the length unit.

do

i 2.1)
dz

9’

Due to the torsional deformation, the AP element is positioned in such a way as to determine
the P'AP plane (figure 2.1).
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= C

Figure 2.1 - Beam with an open thin section
The ods forces applied in A and P' are no longer in equilibrium and for this reason they give
rise to a moment oddsO’r that is equivalent to that of two o®dsO’r forces. The oddsO’r force
acting on the straight section of positive normal provides, for 6> 0 and 6> 0, a negative

moment with respect to the centre C:

N | ) N |
Mtn:_zg L&dST' :—ZQIC (2.2)
where A represents the area of the straight section, and |; its polar moment with respect to C.

As already mentioned, the shear are aligned so that the torsion equation is

dM,

bl 2 (2.3)
dz

C291V + C’29”, - C19” - Cllgl = mt = -

where:

3
_Clzc;M

is the (primary or St. Venant) torsion rigidity;
-C, = EfS(ZAS)Z(S ds is the warping rigidity (secondary, or Vlasov, torsion rigidity),
As is the sectorial area;

- m; is the distributed moment applied on the lateral surface.

Normal stress modifies (2.3) as follows

dM, dM dM
4% I o__ n_ g — _ t tn=_ tn
C,0" + C',0" — C,0" — C'40 e T m, (2.4)

and replacing

10
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NI NI
CO" +C50" = (C+—0)0" = (G +—)' 0 =m, (2:5)

Setting M = 0, (2.5) becomes the equation of varied equilibrium.
When the section is constant and the beam is loaded only at the ends by an axial force N = -

F, the equation of varied equilibrium is written
I
C,0" — (C; + FZ)H” =0 (2.6)

To write the equation (2.6) in a more compact way, we place

k2 = — C A (2.7)
So (2.6) becomes
O + k20" =0 (2.8)
the solution of which is
0 =Asenkz+Bcoskz+Cz+D (2.9)

If the ends have constraints that prevent the rotation around the z axis 6 = 0, but not the

warping w # 0, conditions at the limits are

z=0 0=0"=0 (2.10)
z=1 0=0"=0
that for (2.9) are written
0= B +D
0= -k B
0= Asen kl+ Bcoskl+ Cl+ D

0 =- k2 Asen kl- k2 B cos ki

The compatibility condition is

11
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which offers the solution

0 1 0 1
0 -k2 0 0
sen kl cos kl 1 1
-k?senkl -Kk2coskl 0 0

kl =

nm

which corresponds to A undetermined and finite, B=C =D = 0.

For the (2.7)

A
Fa = _(Cl +
I

at (2.12) corresponds the solution

in this case

nm?

lz CZ)

nmnz

0=AsenT

A T
Fo=7 (4556
c

2

l

(2.11)

(2.12)

(2.13)

(2.14)

If the ends have constraints that prevent both the rotation around the z axis and the warping,

the conditions at the limits are

that are written

0=

= kA

0=

A sen kil +

0=6"=0

0=0"=0

B +D
+C

Bcoskl+ Cl+ D

0=kAcoskl-k’Bsenkl+ C

(2.15)

12
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The compatibility condition is

0 1 0 1
k 0 0 O
=0
sen Kkl cos kl | 1
kcoskl -ksenkl 0 0
whose solutions are
sen X _ o (2.16)
2
and
kl kil
9577
(2.16) offers
kl
? =nr (2.18)
from which
A 4 n?r?
Fa _E(Cl +l—2C2) (2-19)
in this case
A 4 72
Fe=7C+—7G) (2.20)
c

This is true if the line z of the shear centres is constrained. In the absence of a constraint
along z, when the centre of shear C coincides with the centre of gravity G, the previous
formulas are valid. On the other hand, if C#G, in absence of a long constraint z, we must

consider a flexion-torsional configuration.

13
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2.2 Flexural-torsional buckling of compressed beams

If the centre of shear and the centre of gravity do not coincide, the equations of the deformed
configuration can be obtained by effect of distributed applied torques m; by first imposing the

constraint along the straight line of the shear centres and then removing it.

The hypotheses that govern the treatment are:
- Constant section;

- Forces F applied to the ends.

In the presence of the constraint the O rotation are provided by the (2.6). The normal stress
N(z) gives rise to the reactions r(z) parallel to the xy plane, whose axes are parallel to the
main axes of inertia ¢ and n.

The r(z) reactions generate shears in each section

Trx=—09’fydA=—at9’Sx
A

(2.21)

Try=—06’deA=—09’Sy
A

By removing the constraint we need to apply the —r(z) reactions which generate the shears
T,=00'S,=060"Ay;

T,=00'S,=—00"Axg (2.22)

that is, the displacements u and v governed by the equations

Elyb2u"=—-Fu—-080Ay;=—F(u—20yg)

(2.23)

El: v'=-Fv+060Ax;=—-F (v+6xg)

14
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'y

Figure 2.2 - Beam with open thin section and nomenclature

The inflection of components u(z) and v(z) causes the inclinations u'(z) and v'(z) of the
normal to the straight section with respect to the z axis; the normal projections of the F on the
straight section of positive normal thus inclined are provided by Fu' and Fv'. In this way the

extra torque rises

My, = —Fu'y; + Fv'xg (2.24)

in the presence of m; applied, (2.6) changes

dM;s

G0 = (G + F 0" =me = =m + Fu'yg = Fv' xg (2.25)

Therefore the equations of the deformed configuration are

Elbu" =—F (u—0yg)

El: v =—F (v+6xg) (2.26)

I
C,0" — (C, + FZC)B” — Fu'ys+ Fv'x;=my

The equation of varied equilibrium are obtained by setting m;= 0

15
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ElLbu'"+F(u—6y;)=0

El: v'"+F@w+0x;)=0 (2.27)

I
C,0" —(C; + cm)e" — Fu'ys+ Fv'x;=0

If the ends are bound with common and torsional supports, the limit conditions are

z=0 and z =1 u=v=60=0
(2.28)
z=0 and z=1 u'=v"=60"=0
If x¢ = y; = 0 the critical solutions of (2.27) are

El¢

Fx = le 7'[2 l—z

El

— 2 2 n
Fy =n-mn l—z (2.29)

2 ;2

C2)

F—AC+n

In the case of C # G a set of functions u v w that satisfy the conditions at the limits (2.28) is

nmz
u=A4,sen —l
nmz
v = Ay sen (2.30)
l
nmz
0 = Ag sen ——

as the section is constant, it also satisfies the (2.27) if it occurs

16
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n? m?
(F —Ely— )Ax —FygAg =0
n?m?
<F-E1€l—2>Ay +FXGA9:O
2n? I
c
_FyGAx +FxGAy_<C2l—2+C1_FZ>A9:0

and still, with the positions (2.29), if it is

F-F, 0 ~Fye
0 F-Fy F xc =0
~Fye Fxo  <(F—Fp)

The cubic equation of the previous formulation can also be written

1

ZC(F —FE)(F—F,)(F—Fy) —F?y¢(F—F)— F?x¢(F—FE,) =0
and calling I the centroidal polar moment,

F(F) = i—‘;’F3 + [% (F y2 + B, x%) — (F + F, + Fg)] F?2 + (F.F, (231

F.Fg + E,Fg)F — F,E,Fy = 0

The (2.31) provides three roots for F, an infinite number of these terns exist, ordered by

increasing n. For n = 1 the smallest of the three roots provides the critical value of F.

17
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f {F} f 3
campo di variazione di F,
4 "
* 1
. 0 F, F, -
F) Fg F:. F
—F,FF,

Figure 2.3 - Graph of the function f (F)

Intersections with the F axis provide the F, values.

For F = 0, f (F) is negative; for very high F, f (F) takes the sign of the cubic term, which is
positive.

If Fx<Fy:

A
f@):—zﬁxﬂa—@)>o
— A 2,2
f(5) = _EFy ¢ (F,—E)<0
So the (2.31) has three real roots F4 F, F3 and disagreements are valid

Fy <F <F,<F,<F;

If Fo is smaller than Fy and F, f (Fe) is positive; in fact it is
A 2 2 2
f(Fp) = zFe [x% (F, — Fg) + y2 (F, — Fg)] >0

So also, if Fg is greater than F, and F, f (Fg) is negative. However, this means
F, < Fy
F; > Fy

It is therefore concluded that of the three roots F4 F, F3 the smallest, F4, it is less than F,, F,,

Feand the biggest, F3, is bigger than F,, Fy, Fg; the second F; is intermediate between F, and

18
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Fy. The in-game call of torsional deformations lower the value of the Eulerian critical load. For
beams of modest length and rigid section the instability is torsional. If instead the beam is
long and with a rigid section, the Euler formula gives exact values.

If the ends are bound with common and torsional fixed joints, the limit conditions are

z=0 and z=1 u=v=60=0
z=0 and z=1 u=v"=0=0
(2.32)
The first two (2.27) are modified as follows
ElL,u"+F (u+60ys) — EL,(u")o =0
El:v"+F(@w+0x;) — EI:(v")o=0 (2.33)
v IC " i "
C,6 —(Cl+FZ)9 + Fu'y,— Fv'ix;=0
A solution that satisfies them is
nmz
u= A, (1—cos2 l )
nmz
v= A, (1-cos2 l ) (2.34)
nmz
0= Ag (1 —cos2 ; )
to be satisfied (2.33) with the null solution, it must be
n?n?
F—El4 = 0 Fy;
n?m? _
0 F—El:4 ” —Fxg =0
I A n?m?
Fyg —Fxg Z[F_Z(Cl+4l_262)

The equation that holds F is still the (2.31) and the solution process is the same.

19



Chapter 3

Experimental campaign

In this chapter we will present the instruments used in the experimental campaign, the type
of test performed and finally the results obtained.

Static monotonic compression tests have been performed to determine the buckling load and
the tested structure was a cruciform cross-section beam with end flanges and stiffeners
placed in different positions in order to find the best configuration to make the beam more
resistant.

To have the correct measurement of the quantity to be analyzed, it is necessary to define a

set-up, in our case this is composed of:

- Structure to analyse;

- Sensor able to register the signal;

- Conversion system (acquisition device) that converts the signal from analogical to
digital;

- Control system that saves processes and makes the digital signal analysable.

3.1 Instrumentation used in the experimental campaign

3.1.1 Laser

The sensor used in the experimental campaign was a laser which detected transverse
displacements at a point.

The laser sensor is the opto NCDT 1302-20, a triangulating displacement transducer
produced by Micro-Epsilon. It is a highly performing instrument that detects displacement in a
precise and accurate manner. The advantage of this sensor is that it is noncontact one and

therefore does not alter the behaviour of the object tested.

20
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Figure 3.1 — Photo of laser opto NCDT 1302-20
The working principle is the classic one of triangulation. A laser diode projects a beam on the

surface of the object and the reflected beam is captured by the sensor. The distance is

calculated through a simple geometric algorithm.

Measuning

'.E .
a '
o Ly :
L1 sMR S 5
' L | EMR | |
| ME 30
. Ty (SME) (EME.)
(@) Diztance {mm})
()

Figure 3.2 - Scheme of adopted laser triangulating displacement sensor (a) and corresponding characteristic curve (b)
with indication of Start of Measuring Range (SMR) and End of Measuring Range (EMR).

Table 3.1. shows the main characteristics of the laser sensor:

Measuring Start of Midrange End of Resolution
Range Measuring (MR) Measuring (Dynamic 750
(MR) Range Range Hz)
(SMR) (EMR)
20 mm 30 mm 40 mm 50 mm 10 pm

Table 3.1 - Main characteristics of the laser sensor.

3.1.2 Acquisition device
The aim of the acquisition device is to convert the signal that arrives from the sensor from
analogical to digital. The NI 9215 device was used in the tests performed. This is produced

by National Instruments and it is shown in figure 3.2:

21
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Figure 3.3 - Acquisition device NI 9215

3.1.3 Control system

The control system used is an application software implemented in a programming
environment LabVIEW (Laboratory Virtual Instrument Engineering Workbench). The aim of
the control system is to read and register the digital signal from the acquisition device and
then to make it analysable.
LabVIEW is a powerful data acquisition and analysis programming language for PCs,
produced by National Instruments. This is able to interface with NI 9215 acquisition device.
LabVIEW is a graphical programming language in fact the interface does not consist of text
strings, but rather of icons and links.
The interface has two work plans:

- Front panel;

- Block diagram.
The first allows to define and introduce all the input and output quantities, while the second is
the actual executable program.
Two LabVIEW programs have been used:
- Long-Time Acquisition;

- Reading and Writing to a file.

Long-Time Acquisition was used to register the acquired signal from the acquisition device,

to report it on a graph and to make it analysable.
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Figure 3.4 - Front panel of long-time acquisition program.

The input data were:
- Number of samples;
- Rate.

The bottom “write to a file” allows the signal to be saved or not.

The output data were:
- Laser (transversal displacement);
- Load;

- Axial displacement.

This three data output were reported on a time(s) - amplitude(V) graph.

Reading and Writing to a file reads the saved values by the acquisition program and creates

a .txt file containing two column vectors whose elements are the acquisition time and signal

voltage values.
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Figure 3.5 - Front panel of Reading and Writing to a file program.
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3.2 Stability test

The experimental campaign was conducted using servo-hydraulic MTS testing machine, with
a closed-loop electronic control and a maximum loading capacity of 100 kN. With this
machine, stability tests for compression were carried out up to the post-critical branch and
subsequent unloading.

Figure 3.5 shows the machine used.

Figure 3.6 - Servo-hydraulic MTS testing machine

The specimens were put in vertical position, constrained to the machine by connections
which prevented displacements, rotations and twist of the end sections.

The results of this experimental campaign show the effect of intermediate warping stiffeners
on the behaviour of thin-walled open profiles with cruciform (double |) cross-section.

Local stiffener connect the external flanges of the cross-section in such a way as to provide a
four-cell box section.
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Figure 3.7 - (a) Actual and (b) stiffened cross-sections (dimensions in mm); red parts highlight the stiffening frame.
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The shape of a double | implies high bending stiffness, modest torsion stiffness and non-

negligible warping stiffness. Thus, such profiles are prone to buckling more in torsion than in
bending.

3.2.1 Geometric and mechanical characteristic of the specimens

The beam is made of 6060-T5 aluminium alloy. The table 3.1 and the figure 3.7 describe the
main geometrical and mechanical characteristics.
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Figure 3.8 — (a) cruciform section; (b) photo of the section.
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Figure 3.9 — (a) stiffened cross-sections; (b) photo of stiffener.
Table 3.1 - Geometric and mechanical characteristics
Section Section thickness Length Volumetric Elastic Poisson
width mass module coefficient
b (mm) t1 (mm) t2 (mm) (mm) p (kg/m’) E (N/mm?) ()
50 1.2 14 950 2600 69000 0.3
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Cross- A A=A Ax=As J le I=I3 Xeo=Xe3 o=l r
section
(mm?)  (mm?)  (mm°) (mm*) (mm*) (mm*) (mm)  (mm>) (mm°)
Current 251.84 110.38 0 148.36 111°028 55’514 0 0 4’305’656
Stiffened 384.00 200.02 0 163’945 235498 117°749 0 0 0
Diff., % 52 81 - 110’405 112 112 - - -100%

A, A, Ajare the area, direct, and mixed sherar shape modified areas, respectively; J is Saint-
Venant's torsion factor; | is the polar moment of inertia with respect to the shear centre; |; are
the central principal moments of inertia; x; are the coordinates of the shear centre; I;are the
flexural-torsion constant; and I is the warping constant. Aj-X=15= 0.

The specimens were identified with the nomenclature shown in the table 3.2. The position of

the stiffeners is measured from the base (right end in the figures of table 3.2).

Name specimen Type of constraint Stiffener position interval

—m—— S1 Free warping 380-475 mm

m S2 Free warping 95-190 mm
. - 1S3 Free warping 427.5-522.5 mm
 E— Y Free warping 95-190 mm from each end
———————— = S5 Free warping 0-95 mm
- = S6 Free warping 0-95 from each end
| - 87 Semi-restrained warping 427.5-522.5 mm
= S8 Semi-restrained warping 380-475 mm

= S9 Semi-restrained warping 95-190 mm
w1 S10 Semi-restrained warping 95-190 mm from each end
—— = S11 Semi-restrained warping 0-95 mm
- m S12 Semi-restrained warping 0-95 from each end

Table 3.2 - Specimen nomenclature

3.2.2 Description of the stability test

The performed test was a direct compression conducted in axial displacement control. This
static monotonic compression test was used to detect the buckling load.

The loading ramp was defined by imposing a hydraulic jack advancement speed equal to
0,01 mm/sec. Once the loading ramp was completed, the unloading ramp was started with a
higher speed than the loading one.

The result of the test are curves:

- Axial load-Axial displacement;

- Axial load-Transverse displacement;

The buckling load is determined through these curves.
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3.2.3 Constraint system

We used two constraint systems:

- semi-restrained warping;

- free warping.
The specimens were vertical, constrained to the machine by connections controlling
displacement, rotations and twist of the section. Four brass elements were used as end

connections.

Semi-restrained warping

For the semi-restrained warping, brass elements were used inside which the two ends of the
beam were housed. In this condition, the whole section is inserted into the brass joint and
both the web and the flanges are constrained.

In fact the warping is semi-restrained because the constraint does not react to traction,

except for the small friction between the constraint and the specimen.

/

Figure 3.11 - Picture and rendering of upper end constraints

Free warping

Also for the free warping, brass elements were used in which the ends of the beam were
housed.

These elements have a smaller diameter than the previous ones, so they leave the flanges

outside. In fact just the web is constrained, while the flanges are left free to warp.
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4

Figure 3.13 - Picture and rendering of upper end constraints

3.3 Results of the experimental campaign

Instability occurred by pure torsion of the specimen which twisted around its axis. This type
of instability occurred in all the specimens. Moreover, the load curve shows that after the
buckling load, it decreases and the torsional deformation enters its own plastic phase.

The axial load-axial displacement curves showed an initial setting, then a linear phase, and
in the end a non-linear branch, reflecting the progressive degradation of the apparent beam
stiffness. The load providing the end of the linear range can be assumed as a critical.

For some specimens it was possible to repeat the test because we had other virgin

specimens.

Specimen S1

Specimen S1 and specimen S1 BIS have the stiffener positioned in the interval 380-475 mm,

measured from the base and they are tested in the free warping constraint condition.

The graphs necessary to identify the buckling load are shown below:
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- Axial load-Axial displacement
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Graph 3.1 — Axial load-Axial displacement curve

Table 3.3 — Buckling load and associated displacement

Buckling load Displacement
Test 1 21 kN 1.84 mm
Test 1 BIS 21 kN 1.93 mm
- Axial load-Transverse displacement
35 - Test 1 BIS
Test 1
30
25
T
3
= 5
s
Z
10
5 -
-1 0 1 2 3 4 5

Transversal displacement (mm)
Graph 3.2 — Axial load-Transverse displacement curve
The last two graphs confirm the value of the buckling load and the associated displacement
identified through the axial load-axial displacement graph.
The curves show a post-critical behaviour of the unstable specimen.
Below there are some photos of the beam.

29



Chapter 3 — Experimental campaign

—

DPDATING
= ALLATO

Figure 3.14 — Left: S1 specimen at the end of the test; Right: zoom on torsion instability

Specimen S2

Specimen S2 has the stiffener positioned in the interval 95-190 mm, measured from the base
and it is tested in the free warping constraint condition.

The graphs necessary to identify the buckling load are shown below:

- Axial load-Axial displacement
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Graph 3.3 - Axial load-axial displacement curve

Table 3.4 — Buckling load and associated displacement
Buckling load Displacement

23 kN 1.74 mm
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- Axial load-Transverse displacement
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Graph 3.4 — Axial load-Transverse displacement curve
The last two graphs confirm the value of the buckling load and the associated displacement
identified through the axial load-axial displacement graph.
The curves show a post-critical behaviour of the unstable specimen.
Below are some photos of the beam.
I
¥

Figure 3.15 - S2 specimen at the end of the test.

Specimen S3

Specimen S3 has the stiffener positioned in the interval 427,5-522,5 mm, measured from the
base and it is tested in the free warping constraint condition.

The graphs necessary to identify the buckling load are shown below:
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- Axial load-Axial displacement
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Graph 3.5 - Axial load-axial displacement curve

Table 3.5 — Buckling load and associated displacement
Buckling load Displacement

20 kN 1.77 mm

- Axial load-Transverse displacement

30 ~
25 A
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15 4

10 4

Axial load (kN)
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Transversal displacement (mm)

Graph 3.6 — Axial load-Transverse displacement curve
The last two graphs confirm the value of the buckling load and the associated displacement
identified through the axial load-axial displacement graph.

The curves show a post-critical behaviour of the unstable specimen.

Below are some photos of the beam.
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Figure 3.17 — Top view of torsion instability.

Specimen S4
Specimen S4 has the two stiffeners positioned in the interval 95-190 mm from each end. This

specimen is tested in the free warping constraint condition.
The graphs necessary to identify the buckling load are shown below:
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- Axial load-Axial displacement
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Graph 3.7 — Axial load-axial displacement curve

Table 3.6 — Buckling load and associated displacement
Buckling load Displacement

24 kN 2.09 mm

- Axial load-Transverse displacement
30 -
25

20 A

Axial load (kN)

r U T T T

-0.1 0 0.1 0.2 0.3 0.4
Transverse displacement (mm)

Graph 3.8 — Axial load-Transverse displacement curve

The last two graphs confirm the value of the buckling load and the associated displacement
identified through the axial load-axial displacement graph.
The curves show a post-critical behaviour of the unstable specimen.

From the axial load-transverse displacement curve it is noted how the stiffeners position
stiffens a lot the beam.

Below are some photos of the beam.
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Figure 3.18 - S4 specimen at the end of the test.

Specimen S5
Specimen S5 has the stiffener positioned in the interval 0-95 mm, measured from the base
and it is tested in the free warping constraint condition.
The graphs necessary to identify the buckling load are shown below:
- Axial load-Axial displacement
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Graph 3.9 — Axial load-axial displacement curve

Table 3.7 — Buckling load and associated displacement
Buckling load Displacement

21 kN 2.08 mm
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- Axial load-Transverse displacement
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Graph 3.10 — Axial load-Transverse displacement curve

The last two graphs confirm the value of the buckling load and the associated displacement
identified through the axial load-axial displacement graph.
The curves show a post-critical behaviour of the unstable specimen.

Below are some photos of the beam.

Figure 3.19 — Left: S5 specimen at the end of the test; Right: Zoom of torsion instability.

Specimen S6

Specimen S6 and specimen S6 BIS have the two stiffeners positioned in the interval 0-95
mm from each end. This specimens are tested in the free warping constraint condition.

The graphs necessary to identify the buckling load are shown below:
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- Axial load-Axial displacement
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Test 6
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Graph 3.11 — Axial load-axial displacement curve

Table 3.8 — Buckling load and associated displacement

Buckling load Displacement
Test 6 16 kN 1.74 mm
Test 6 BIS 26 kN 1.89 mm

- Axial load-Transverse displacement
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25 A
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15 A

10 A

O T T T T 1
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Graph 3.12 — Axial load-Transverse displacement curve

Note that the black curve and the orange curve have different trends and therefore provide
different results.

Considering the S6 specimen, this has been tested without taking into account that the
welding placed in contact with the constraints could alter the results. Subsequently, a virgin
S6 specimen was tested, which was carefully filed in correspondence of the weld in such a
way as to allow perfect contact between stiffeners and constraints.

The last two graphs confirm the value of the buckling load and the associated displacement
identified through the axial load-axial displacement graph.

The curves show a post-critical behaviour of the unstable specimen.
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Below is a photo of the beam.

Figure 3.20 — S6 specimen at the end of the test.

Specimen S7
Specimen S7 and specimen S7 BIS have the stiffener positioned in the interval 427,5-522,5

mm, measured from the base and they are tested in the semi-restrained warping constraint

condition.
The graphs necessary to identify the buckling load are shown below:

- Axial load-Axial displacement

35 - Test 7 BIS

Test 7
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25 4
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Axial load (kN)
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Graph 3.13 - Axial load-axial displacement curve

Table 3.9 — Buckling load and associated displacement

Buckling load Displacement
Test 7 27 kN 2.61 mm
Test 7 BIS 25 kN 2.27 mm
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- Axial load-Transverse displacement
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Graph 3.14 — Axial load-Transverse displacement curve
The last two graphs confirm the value of the buckling load and the associated displacement
identified through the axial load-axial displacement graph.

The curves show a post-critical behaviour of the unstable specimen.
Below are some photos of the beam.

Figure 3.21 — Left: S7 specimen at the end of the test; Right: Zoom of torsional instability.

Specimen S8

Specimen S8 and specimen S8 BIS have the stiffener positioned in the interval 380-475 mm,

measured from the base and they are tested in the semi-restrained warping constraint
condition.

The graphs necessary to identify the buckling load are shown below:
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- Axial load-Axial displacement
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Graph 3.15 — Axial load-axial displacement curve

Table 3.10 — Buckling load and associated displacement

Test 8 BIS

Test 8

Buckling load Displacement
Test 8 27 kN 2.63 mm
Test 8 BIS 24 kN 2 mm
- Axial load-Transverse displacement
30 - Test 8 BIS
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g
T 15
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I
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2 0 2 4 6 8 10 12

Transversal displacement (mm)

Graph 3.16 — Axial load-Transverse displacement curve

The last two graphs confirm the value of the buckling load and the associated displacement
identified through the axial load-axial displacement graph.
The curves show a post-critical behaviour of the unstable specimen.

Below are some photos of the beam.
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Figure 3.23 — Zoom of torsion instability.

Specimen S9
Specimen S9 has the stiffener positioned in the interval 95-190 mm, measured from the base
and it is tested in the semi-restrained warping constraint condition.

The graphs necessary to identify the buckling load are shown below:
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- Axial load-Axial displacement
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Graph 3.17 — Axial load-axial displacement curve

Table 3.11 — Buckling load and associated displacement

Buckling load Displacement

27 kN 2.45 mm

- Axial load-Transverse displacement
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Graph 3.18 — Axial load-Transverse displacement curve

The last two graphs confirm the value of the buckling load and the associated displacement

identified through the axial load-axial displacement graph.

The curves show a post-critical behaviour of the unstable specimen.

Below are some photos of the beam.
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Figure 3.25 — Zoom of torsion instability.

Specimen S10

Specimen S10 has the two stiffeners positioned in the interval 95-190 mm from each end.
This specimen is tested in in the semi-restrained warping constraint condition.

The graphs necessary to identify the buckling load are shown below:
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- Axial load-Axial displacement
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Graph 3.19 — Axial load-axial displacement curve

Table 3.12 — Buckling load and associated displacement

Buckling load

Displacement

25 kN 2.21 mm

- Axial load-Transverse displacement
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Graph 3.20 — Axial load-Transverse displacement curve

The last two graphs confirm the value of the buckling load and the associated displacement
identified through the axial load-axial displacement graph.

The curves show a post-critical behaviour of the unstable specimen.

Below are some photos of the beam.
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Figure 3.26 — S10 specimen at the end of the test.

Specimen S11

Specimen S11 has the stiffener positioned in the interval 0-95 mm, measured from the base
and it is tested in the semi-restrained warping constraint condition.
The graphs necessary to identify the buckling load are shown below:

- Axial load-Axial displacement
30 1
25 -
20 -
15 {€¢-=——mmm - -

10 A

Axial load (mm)
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Axial displacement (mm)

Graph 3.21 — Axial load-axial displacement curve

Table 3.12 — Buckling load and associated displacement
Buckling load Displacement
15 kN 2.77 mm
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- Axial load-Transverse displacement
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Graph 3.22 — Axial load-Transverse displacement curve

The last two graphs confirm the value of the buckling load and the associated displacement

identified through the axial load-axial displacement graph.

The curves show a post-critical behaviour of the unstable specimen.

The result of specimens S11 is not correct because the welding of the stiffener in contact

with the constraint has distorted the test.

Below are some photos of the beam.

Specimen S12

Figure 3.27 — S11 specimen at the end of the test.

Specimen S12 has the two stiffeners positioned in the interval 0-95 mm from each end. This

specimen is tested in in the semi-restrained warping constraint condition.
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The graphs necessary to identify the buckling load are shown below:

- Axial load-Axial displacement
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Graph 3.23 — Axial load-axial displacement curve
Table 3.13 — Buckling load and associated displacement
Buckling load Displacement
20 kN 5.44 mm
- Axial load-Transverse displacement
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Graph 3.24 — Transverse displacement-axial displacement curve
The last two graphs confirm the value of the buckling load and the associated displacement
identified through the axial load-axial displacement graph.
The curves show a post-critical behaviour of the unstable specimen.

The result of specimens S12 is not correct because the welding of the stiffeners in contact
with the constraints has distorted the test.

Below are some photos of the beam.
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Figure 3.28 — Left : S12 specimen at the end of the test; Right: Zoom of torsion instability.
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3.4 Comparison of experimental results

In the experimental campaign carried out, it was decided to use the laser to be able to

extrapolate an extra curve in addition to the axial load-axial displacement in order to confirm

the buckling load identified in the classic way.

All the specimens buckled by pure torsion as it is noted from the stability test.

Table 3.14 shows the comparisons between buckling loads in the various conditions

investigated.

Table 3.14 — Comparison buckling loads

Name Type of constraint Stiffener position Buckling
specimen load
S1 Free warping 380-475 mm 21 kN
|
S8 Semi-restrained warping 380-475 mm 24 kN
S2 Free warping 95-190 mm 23 kN
1 S9 Semi-restrained warping 95-190 mm 27 kN
S3 Free warping 427.5-522.5 mm 20 kN
|
S7 Semi-restrained warping 427.5-522.5 mm 25 kN
S4 Free warping 95-190 mm from each end 24 kN
S$10 Semi-restrained warping  95-190 mm from each end 25 kN
S5 Free warping 0-95 mm 21 kN
I S11 Semi-restrained warping 0-95 mm 15 kN
|
S6 Free warping 0-95 from each end 26 kN
S$12 Semi-restrained warping 0-95 from each end 20 kN

From table 3.14 we can observe as the buckling load is conditioned by the type of constraint

but

above

all

by

the  position of

the stiffener or

the

stiffeners.
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Numerical simulations and comparisons

The numerical simulations were developed using the LUSAS finite element calculation code.

Numerical models were constructed which were able to reproduce the results obtained

experimentally.

In the LUSAS environment the beam was modelled through thin shell elements. Figure 4.1

shows an example of a constructed numerical model.

Figure 4.1 - Example of a constructed numerical model

The thin shell element used was the QSL8

(1.1)
3

6

3

2
5 (1,1

Figure 4.2 Finite element QSLS8 (real), finite element QSL8 (parent)

50



Chapter 4 — Numerical simulations and comparisons

Each numerical model has stiffener or stiffeners in different positions, so different meshes
were created.

The beams tested are in aluminium alloy 6060 T5, so the material is isotropic and elastic-
linear with the following properties:

- Elastic module E = 69000 N/mm?;

- Poisson coefficient v =0.3.

The length of the beam is 950 mm while the stiffeners are 95 mm long. Moreover the

geometry of the section has been created considering the average line.

Figure 4.3 — Beam section

LUSAS was used to obtain the buckling loads, in particular for the analysis of critical loads of
the first 3 mode (eigenvalue problem). The Buckling Analysis was carried out to do this.

The analyses were conducted for the following cases:

- Warping free at both ends (free warping condition);

- Warping restrained at both ends (restrained warping condition);

- Warping free at one end and restrained at the other (mixed warping condition).

4.1 Free warping

You can see the models with the constraint condition of free warping below. This condition
was simulated by setting structural supports.

For the upper constraint in figure 4.2, the screenshot of the settings introduced in the
calculation program is shown, so that the constraint condition is free warping. It is necessary
to prevent the translation in x and y while in z the translation is free, and also to fix the

rotations about x, y and z.
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Structural Supports X
Free Fixed Spring stiffness
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Figure 4.4 — Screenshot upper constraint
For the lower constraint in figure 4.3, the screenshot of the settings introduced in the

calculation program is shown, so that the constraint condition is free warping. It is necessary

to block translation and rotation in x, y and z.

Structural Supports X
Free Fixed Spring stiffness

x O ® Of,

Translation in Y (@) (O] (@)
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Spring stiffness distribution

Stiffness

Stiffness funit length

Stiffness funit area

Lift-off >

Contact »>

Mame |V|nco|o tutto bloccato - : (10
Cancel Apply Help

Figure 4.5 — Screenshot lower constraint

Figure 4.4 shows the image of the two constraints and the concentrated load of 1 kN.
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Figure 4.6 — (a) Upper constraint; (b) Lower constraints.

Model M1

Model M1 has the stiffener positioned in the interval 380-475 mm, measured from the base
and it is analysed in the free warping condition.
Table 4.1 shows the results obtained from the buckling analysis of the structure for the first 3

modes.
Mode Ner Error
1 18.79 kN 0.35E-06
2 73.56 kN 0.72E-06
3 79.78 kN 0.84E-05

Table 4.1 — Buckling loads of the first 3 mode.

The undeformed and deformed models of the first mode are shown below:

1M«

Figure 4.7 - From the left: undeformed, deformed, upper extremity, lower extremity and top view of the deformed.

It is possible to notice that the instability of mode 1 is of the torsional type, as already
observed in the experimental campaign. Even that of mode 2 is of the torsional type while the
instability of mode 3 is of the flexural type.

Focusing on the ends of the beam, the effect of the type of constraint is visible. As this is a

case of free warping, the ends are deformed.
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The longitudinal displacement values (DZ) shown in figure 4.8 are defined but for an arbitrary

constant (eigenvalue problem). Their contour plot show as stiffeners prevent warping.

Analysis: Analysis 1

Loadcase: 1:Loadcase 1, Eigenvalue 1

Results fle: Provino P1 LIBERO-LIBERO~Analysis 1. mys
Eigenvalue: 18,7906

Load factor: 18,7906

Error norm: 0,355907E-6

Entity: Displacement

Compenent DZ (Units: m)

-0,044297

-0,0332227

D0ti074
|| 0.0

0,0110742
0,0221485
0,0332227
0,044297

Maximum 0,0498341 at node 147
Minimum -0,0498341 at node 163

Y

Figure 4.8 — Displacement DZ.

z

Y‘\l}'X

Figure 4.9 — Warping in the end sections.

Model M2
Model M2 has the stiffener positioned in the interval 95-190 mm, measured from the base

and it is analysed in the free warping condition.
Table 4.2 shows the results obtained from the buckling analysis of the structure for the first 3

modes.
Mode Ner Error
1 33.90 kN 0.46E-07
2 77.33 kN 0.33E-07
3 78.50 kN 0.11E-06

Table 4.2 — Buckling loads of the first 3 mode.

The undeformed and deformed models of the first mode are shown below:
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1

Figure 4.10 - From the left: undeformed, deformed, upper extremity, lower extremity and top view of the deformed.

It is possible to notice that the instability of mode 1 is of the torsional type, as already
observed in the experimental campaign. Even that of mode 2 is of the torsional type while the
instability of mode 3 is of the flexural type.

Focusing on the ends of the beam, the effect of the type of constraint is visible. In this case,
the top end section warps, while warping is prevented near and below the stiffened zone
(figure 4.11). Note that warping vanishes also between the stiffeners and the top end.

Analysis: Analysis 1

Loadcase: 1:Loadcase 1, Eigenvalue 1

Results fle: Provino P2 LIBERO-LIBERO~Analysis 1.mys
Eigenvalue: 33,8969

Load factor: 33,8969

Error norm: 46,287E-9

Entity: Displacement

Component DZ (Units: m)

-0,0535583
-0,0401688
-0,0267792

-0,0133896
0,0

0,0133896
0,0267792
0,0401688
0,0535583

Maximum 0,0602531 at node 46079
Minimum -0,0602531 at node 46063

Figure 4.11 — Displacement DZ.

Model M3

Model M3 has the stiffener positioned in the interval 427,5-522,5 mm, measured from the
base and it is analysed in the free warping condition.

Table 4.3 shows the results obtained from the buckling analysis of the structure for the first 3

modes.
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Mode Ner Error
1 18.34 kN 0.34E-07
2 81.07 kN 0.41E-07
3 81.07 kN 0.13E-07

Table 4.3 — Buckling loads of the first 3 mode.

The undeformed and deformed models of the first mode are shown below:

X
Y X

Figure 4.12 - From the left: undeformed, deformed, upper extremity, lower extremity and top view of the deformed.

It is possible to notice that the instability of mode 1 is of the torsional type, as already
observed in the experimental campaign, while the ones of mode 2 and of mode 3 is of a
flexural type.

Focusing on the ends of the beam, the effect of the type of constraint is visible. As this is a
case of free warping, the ends are deformed. Warping tends to vanish moving from the ends

toward the stiffened zone, where it is null (figure 4.13).

Analysis: Analysis 1

Loadcase: 1:Loadcase 1, Eigenvalue 1

Results fle: Provino P3 LIBERO-LIBERO~Analysis 1.mys
Eigenvalue: 18,3422

Load factor. 18,3422

Error norm: 33,7053E-9

Entity: Displacement

Compeonent: DZ (Units: m)

-0,0398478
-0,0298859
-0,0199239
-9,96195E-3
0,0

9,96195E-3
0,0199239
0,0298859
0.0398478

Maximum 0,0448288 at node 163
Minimum -0,0448288 at node 147

Figure 4.13 — Displacement DZ.
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Model M4

Model M4 has the two stiffeners positioned in the interval 95-190 mm from each end. This
model is analysed in the free warping condition.
Table 4.4 shows the results obtained from the buckling analysis of the structure for the first 3

modes.
Mode Ner Error
1 81.15 kN 0.16E-09
2 81.15 kN 0.17E-09
3 84.26 kN 0.53E-09

Table 4.4 — Buckling loads of the first 3 mode.

The undeformed and deformed models of the first mode are shown below:

LT

Figure 4.14 - From the left: undeformed, deformed, upper extremity, lower extremity and top view of the deformed.

It is possible to notice that the instability of mode 1 is of the bending type, as already
observed in the experimental campaign; also that of mode 2 is of the bending type while the
instability of mode 3 is of the torsional type.

The values of DZ and their contour plot in figure 4.15 show that all sections do not warp, i.e.

remain plane (bending).
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Analysis: Analysis 1

Loadcase: 1:Loadcase 1, Eigenvalue 1

Results fle: Provino P4 LIBERO-LIBERO~Analysis 1.mys
Eigenvalue: 81,1536

Load factor: 81,1536

Error norm: 0,157298E-9

Entity: Displacement

Component. DZ (Units: m)

. -0,0743857

-0,0557893
-0,0371929
-0,0185964
0,0
0,0185964
0,0371929
0,0557893
0,0743857

Maximum 0,0836839 at node 49472
Minimum -0,0836839 at node 49464

Figure 4.15 — Displacement DZ.

Model M5
Model M5 has the stiffener positioned in the interval 0-95 mm, measured from the base and it

is analysed in the free warping condition.
Table 4.5 shows the results obtained from the buckling analysis of the structure for the first 3

modes.
Mode Ner Error
1 28.67 kN 0.36E-07
2 63.64 kN 0.71E-07
3 79.75 kN 0.26E-05

Table 4.5 — Buckling loads of the first 3 mode.

The undeformed and deformed models of the first mode are shown below:

Il

Figure 4.16 - From the left: undeformed, deformed, upper extremity, lower extremity and top view of the deformed.

It is possible to notice that the instability of mode 1 is of the torsional type, as already
observed in the experimental campaign. Even that of mode 2 is of the torsional type while the
instability of mode 3 is of the flexural type.

Figure 4.17 shows that the behaviour is similar to that of Model M2.
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Analysis: Analysis 1

Loadcase: 1:Loadcase 1, Eigenvalue 1

Results fle: Provino P5 LIBERO-LIBERO~Analysis 1.mys
Eigenvalue: 28,6695

Load factor: 28,6695

Error norm: 36,4072E-9

Entity: Displacement

Component: DZ (Units: m)

-0,0479733
-0,03598
-0,0239867
-0,0119933
0,0

0,0119933
0,0239867

Maximum 0,05397 at node 45997
Minimum -0,05397 at node 45939

Figure 4.17 — Displacement DZ.

Model M6

Model M6 has the two stiffeners positioned in the interval 0-95 mm from each end. This

model is analysed in the free warping condition.

Table 4.6 shows the results obtained from the buckling analysis of the structure for the first 3

modes.
Mode Ner Error
1 52.35 kN 0.21E-06
2 80.63 kN 0.14E-05
3 80.63 kN 0.52E-07

Table 4.6 — Buckling loads of the first 3 mode.

The undeformed and deformed models of the first mode are shown below:

e

Figure 4.18 - From the left: undeformed, deformed, upper extremity, lower extremity and top view of the deformed.

It is possible to notice that the instability of mode 1 is of the torsional type, as already

observed in the experimental campaign, while the ones of mode 2 and of mode 3 is of a

flexural type.
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Figure 4.19 shows how warping vanishes at the ends, because of the stiffeners, and at mid-
length, because of the symmetry.

Analysis: Analysis 1

Loadcase: 1:Loadcase 1, Eigenvalue 1

Results fle: Provino P6 LIBERO-LIBERO~Analysis 1.mys
Eigenvalue: 52,3509

Load factor: 52,3509

Error norm: 0,21552E-6

Entity: Displacement

Component DZ (Units: m)

-0,0445239
-0,0333929 1
-0,022262

-0,011131
0,0
0,011131
0,022262
0,0333929
0,0445239

Maximum 0,0500894 at node 15792
Minimum -0,0500894 at node 15832

Figure 4.19 — Displacement DZ.

4.2 Fully-restrained warping

Now you can see the models analysed in condition of fully-restrained warping. This was
simulated by setting structural supports.

The fully-restrained warping condition was simulated by introducing a 1 mm layer of high
stiffness material (E = 10'"° Pa) on the upper end while on the lower end, some structural
supports were simply placed. Then this layer of high-stiffness material was constrained and
loaded in the same way as in the free warping condition.

Figure 4.20 shows the image of the two constraints and the concentrated load of 1 kN.
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Figure 4.20 — (a) Upper constraint; (b) Lower constraints.

Model M7

Model M7 has the stiffener positioned in the interval 427,5-522,5 mm, measured from the
base and it is analysed in fully-restrained warping condition.
Table 4.7 shows the results obtained from the buckling analysis of the structure for the first 3

modes.

Mode Ner Error
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1 43.34 kN 0.28E-04
2 120.72 kN 0.14E-06
3 120.72 kN 0.37E-07

Table 4.7 — Buckling loads of the first 3 mode.

The undeformed and deformed models of the first mode are shown below:

e

Figure 4.21 - From the left: undeformed, deformed, upper extremity, lower extremity and top view of the deformed.

It is possible to notice that the instability of mode 1 is of the torsional type, as already
observed in the experimental campaign, while the ones of mode 2 and of mode 3 is of a
flexural type.

Focusing on the ends of the beam, the effect of the type of constraint is visible. As this is a
case of restrained warping, the ends are not deformed.

Contour plot and values in figure 4.22 show that warping is null at the ends and around the

stiffened zone. A detail near the end sections is shown in figure 4.23.

Analysis: Analysis 1

Loadcase: 1:Loadcase 1, Eigenvalue 1

Results fle: Provino P3 IMPEDITO-IMPEDITO~Analysis 1.mys
Eigenvalue: 43,3409

Load factor: 43,3409

Error norm: 28,2266E -6

Entity: Displacement

Component DZ (Units: m)

-0,0397418
-0,0298064
-0,0198709
-9,03546E-3
0,0
9,93546E-3
0,0198709

0,0298064
0,0397418

Maximum 0,0447096 at node 10389
Minimum -0,0447096 at node 10447

Figure 4.22 — Displacement DZ.
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Figure 4.23 — Displacements DZ near the end sections (warping is null).

Model M8

Model M8 has the stiffener positioned in the interval 380-475 mm, measured from the base
and it is analysed in the fully-restrained warping condition.
Table 4.8 shows the results obtained from the buckling analysis of the structure for the first 3

modes.
Mode Ner Error
1 45.41 kN 0.22E-06
2 118.42 kN 0.37E-06
3 118.44 kN 0.28E-07

Table 4.8 — Buckling loads of the first 3 mode.

The undeformed and deformed models of the first mode are shown below:

J1E

Figure 4.24 - From the left: undeformed, deformed, upper extremity, lower extremity and top view of the deformed.

It is possible to notice that the instability of mode 1 is of the torsional type, as already
observed in the experimental campaign. Even that of mode 2 is of the torsional type while the
instability of mode 3 is of the flexural type.

Figure 4.25 shows that the behaviour is similar to that of Model M8, exception made for the
symmetry.
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Analysis: Analysis 1

Loadcase: 1:Loadcase 1, Eigenvalue 1

Results fle: Provino P1 IMPEDITO-IMPEDITO~Analysis 1.mys
Eigenvalue: 45,414

Load factor: 45,414

Error norm: 0,224324E-6

Entity: Displacement

Component DZ (Units: m)

-0,0441558
-0,0331169
-0,022078
-0,011039
0,0
0,011039
0,022078

0,0331169
0,0441559

Maximum 0,0496754 at node 9215
Minimum -0,0496754 at node 9295

Figure 4.25 — Displacement DZ.

Model M9

Model M9 has the stiffener positioned in the interval 95-190 mm, measured from the base
and it is analysed in the fully-restrained warping condition.

Table 4.9 shows the results obtained from the buckling analysis of the structure for the first 3

modes.
Mode Ner Error
1 53.21 kN 0.95E-04
2 98 kN 0.59E-04
3 114.84 kN 0.32E-07

Table 4.9 — Buckling loads of the first 3 mode.

The undeformed and deformed models of the first mode are shown below:

lle

Figure 4.26 - From the left: undeformed, deformed, upper extremity, lower extremity and top view of the deformed.

It is possible to notice that the instability of mode 1 is of the torsional type, as already
observed in the experimental campaign. Even that of mode 2 is of the torsional type while the

instability of mode 3 is of the flexural type.
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Figure 4.27 shows that warping vanishes at the ends, near the stiffened portion, and
between the top and the stiffeners. The behaviour is, thus, similar to that of Model M2, but

here with no warping at the top, and therefore with a stiffer response.

Analysis: Analysis 1

Loadcase: 1:Loadcase 1, Eigenvalue 1

Results fle: Provino P2 IMPEDITO-IMPEDITO~Analysis 1.mys
Eigenvalue: 53,2142

Load factor: 53,2142

Error norm: 94,8473E-6

Entity: Displacement

Component. DZ (Units: m)

-0,0449536
-0,0337152
-0,0224768

-0,0112384
0,0

0,0112384
0,0224768
0,0337152
0,0449536

Maximum 0,0505728 at node 20184
Minimum -0,0505728 at node 20212

Figure 4.27 — Displacement DZ.

Model M10

Model M10 has the two stiffeners positioned in the interval 95-190 mm from each end. This
model is analysed in the fully-restrained warping condition.

Table 4.10 shows the results obtained from the buckling analysis of the structure for the first

3 modes.
Mode Ner Error
1 84.26 kN 0.54E-04
2 116.40 kN 0.30E-07
3 116.40 kN 0.65E-06

Table 4.10 — Buckling loads of the first 3 mode.

The undeformed and deformed models of the first mode are shown below:

s

Figure 4.28 - From the left: undeformed, deformed, upper extremity, lower extremity and top view of the deformed.
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It is possible to notice that the instability of mode 1 is of the torsional type, as already
observed in the experimental campaign, while the ones of mode 2 and of mode 3 is of a

flexural type.
Figure 4.29 shows that warping occurs only in the part comprised between the two stiffened

zoned, and vanishes at the mid-section because of the symmetry.

Analysis: Analysis 1

Loadcase: 1:Loadcase 1, Eigenvalue 1

Results fle: Provino P4 IMPEDITO-IMPEDITO~Analysis 1.mys
Eigenvalue: 84,2581

Load factor: 84,2581

Errar norm: 53,8208E-6

Entity. Displacement

Component. DZ (Units: m)

-0,0585614
-0,0439211
-0,0292807

-0,0146404
0,0
0.0146404
0,0292807
0,0439211
0,0585614

Maximum 0,0658816 at node 18105
Minimum -0,0658816 at node 18047

Figure 4.29 — Displacement DZ.

Model M11

Model M11 has the stiffener positioned in the interval 0-95 mm, measured from the base and
it is analysed in the fully-restrained warping condition.
Table 4.11 shows the results obtained from the buckling analysis of the structure for the first

3 modes.
Mode Nc, Error
1 4410 kN 0.11E-03
2 80.08 kN 0.32E-04
3 119.50 kN 0.32E-07

Table 4.11 — Buckling loads of the first 3 mode.

The undeformed and deformed models of the first mode are shown below:

s
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Figure 4.30 - From the left: undeformed, deformed, upper extremity, lower extremity and top view of the deformed.

It is possible to notice that the instability of mode 1 is of the torsional type, as already
observed in the experimental campaign. Even that of mode 2 is of the torsional type while the
instability of mode 3 is of the flexural type.

Figure 4.31 shows that warping vanishes at the top, around the stiffened zone, and in an
intermediate region.

Analysis: Analysis 1

Loadcase: 1:Loadcase 1, Eigenvalue 1

Results fle: Provino P5 IMPEDITO-IMPEDITO~Analysis 1.mys
Eigenvalue: 44,1044

Load factor: 44,1044

Error norm: 0,112599E-3

Entity: Displacement

Component DZ (Units: m)

-0,0400858 |
-0,0300643

-0,0200429 f
-0,0100214

0,0

0,0100214

0,0200429

0'0300643
. 00400858

Maximum 0,0450965 at node 16967
Minimum -0,0450965 at node 17025

Figure 4.31 — Displacement DZ.

Model M12

Model M12 has the two stiffeners positioned in the interval 0-95 mm from each end. This
model is analysed in the fully-restrained warping condition.

Table 4.12 shows the results obtained from the buckling analysis of the structure for the first

3 modes.
Mode Ner Error
1 52.35 kN 0.15E-04
2 96.49 kN 0.59E-05
3 123.26 kN 0.26E-08

Table 4.12 — Buckling loads of the first 3 mode.

The undeformed and deformed models of the first mode are shown below:
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Ne

Figure 4.32 - From the left: undeformed, deformed, upper extremity, lower extremity and top view of the deformed.

It is possible to notice that the instability of mode 1 is of the torsional type, as already
observed in the experimental campaign. Even that of mode 2 is of the torsional type while the
instability of mode 3 is of the flexurall type.

Figure 4.33 shows that warping vanishes around the stiffened zones and at mid-length,

because of the symmetry.
Analysis: Analysis 1
Loadcase: 1:Loadcase 1, Eigenvalue 1
Results fle: Provino P6 IMPEDITO-IMPEDITO~Analysis 1.mys
Eigenvalue: 52,3487
Load factor: 52,3487
Error norm: 14,9396E-6
Entity: Displacement
Component. DZ (Units: m)

-0,044523
-0,0333923 |
-0,0222615

-0,0111308
0,0
0,0111308
0,0222615
0,0333923
0,044523

Maximum 0,0500884 at node 16026
Minimum -0,0500884 at node 16066

Figure 4.33 — Displacement DZ.

4.3 Mixed conditions

Once the free warping and restrained warping models were completed, the mixed conditions
not analysed in the experimental campaign were studied.
The mixed condition was simulated by combining the free warping and the fully-restrained

warping condition. So, the structural supports were:
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Figure 4.34 — (a) Upper constraint: warping free; (b) Lower constraints: warping restrained.
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Figure 4.35 — (a) Upper constraint: warping restrained; (b) Lower constraints: warping free.

Model M13 and Model M14
Models M13 and M14 have the stiffener positioned in the interval 427,5-522,5 mm, measured

from the base and these are analysed in the mixed condition.
Model M13 is constrained so that on the top, warping is prevented and on the bottom it is
free, while vice versa is in model M14.

Table 4.13 shows the results obtained from the buckling analysis of the structure for the first

3 modes.
Mode Ner Error Mode Ncr Error
1 29.49 kN 0.83E-05 1 31.64 kN 0.12E-07
2 85.41 kN 0.19E-05 2 84.65 kN 0.21E-08
3 108.52 kN 0.14E-06 3 84.65 kN 0.12E-08

Table 4.13 — Buckling loads of the first 3 mode. Left: M13; Right: M14.

The undeformed and deformed models M13 and M14 of the first mode are shown below:
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Figure 4.36 — From the left: undeformed, deformed and top view of the deformed. Left: M13; Right: M14.

For the model M13 it is possible to notice that the instability of mode 1 is of the torsional type,
as already observed in the experimental campaign, as well as that of mode 2, while the
instability of mode 3 is of the flexural type. For model M14 the instability of mode 1 is of the
torsional type, as already observed in the experimental campaign, while that of mode 2 and
of mode 3 is of the flexural type.

Focusing on the ends of the beam, the effect of the type of constraint is visible. As this is a
case of mixed condition one end is deformed and the other is not.

The response in terms of longitudinal displacements field of the first buckling mode is shown

in figure 4.37.

Analysis: Analysis 1
Loadcase: 1:Loadcase 1, Eigenvalue 1
Results fle: Provino P3 LIBERO-IMPEDITO~Analysis 1.mys

Analysis: Analysis 1
Loadcase: 1:Loadcase 1, Eigenvalue 1
Results fle: Provino P3 IMPEDITO-LIBERO~Analysis 1.mys

Eigenvalue: 29,4864 Eigenvalue: 31,6408
Load factor: 29,4864 Load factor: 31,6408
Error norm: 8,34486E-6 Error norm: 12,2398E-9

Entity: Displacement Entity: Displacement
Compoenent DZ (Units: m) Component DZ (Units: m)

-0,0425741 -0,0403781
-0,0319306 -0,0302836
-0,020189

-0,0212871

-0,0106435 -0,0100945

0,0 0,0

0,0106435 0,0100945

0,0212871 0,020189

0,0319306 0,0302836

0,0425741 0,0403781
Maximum 0,0478959 at node 373 Maximum 0,0454253 at node 45624
Minimum -0,0478959 at node 315 Minimum -0,0454253 at node 45584

¥ X Y X

Figure 4.37 — Displacement DZ. Left: M13; Right: M14.
Model M15 and Model M16
Models M15 and M16 have the stiffener positioned in the interval 380-475 mm, measured
from the base and these are analysed in the mixed condition.
Model M15 is constrained so that on the top, warping is prevented and on the bottom it is

free, while vice versa is in model M16.
Table 4.14 shows the results obtained from the buckling analysis of the structure for the first

3 modes.
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Mode Ner Error Mode Ne, Error
1 27 kN 0.90E-06 1 36.93 kN 0.12E-07
2 104.92 kN 0.34E-06 2 74.48 kN 0.71E-07
3 106.61 kN 0.41E-07 3 83.25 kN 0.23E-05

Table 4.14 — Buckling loads of the first 3 mode. Left: M15; Right: M16.

The undeformed and deformed models M15 and M16 of the first mode are shown below:

Figure 4.38 — From the left: undeformed, deformed and top view of the deformed. Left: M15; Right: M16.

Both for model M15 and model M16 it is possible to notice that the instability of mode 1 is of
the torsional type, as already observed in the experimental campaign, as well as that of
mode 2, while the instability of mode 3 is of the flexural type.

The response in terms of longitudinal displacements field of the first buckling mode is shown

in figure 4.39.

Analysis: Analysis 1 _ Analysis: Analysis 1
Loadcase 1:Loadcase 1, Eigenvalue 1 . Loadcase: 1:Loadcase 1, Eigenvalue 1
Results fle: Provino P1 IMPEDITO-LIBERO~Analysis 1. mys Results fle: Provino P1 LIBERO- IMPED ITO~Analysis 1.mys
Eigenvalue: 26,9976 Eigenvalue: 36,9301
Load factor. 26,9976 Load factor: 36,9301
Error norm: 0,901058E-6 Error norm: 12,2607E-9
Entity: Displacement Entity: Displacement
Component DZ (Units: m) Component DZ (Units: m)
-0,0458054 -0,0437208
-0,0343541 -0,0327906
-0,0229027 -0.0218604
0,0114514 0
[ | 00 || DDb0109302
0,0114514 :
0,0229027 o eaaa0
0,0343541 0.0327906
00458054 . 0,0437208
Maximum 0,0515311 at node 373 Maximum 0,0491859 at node 9199
Minimum -0,0515311 at node 293 Minimum -0,0491859 at node 9279
Y X Y X

Figure 4.39 — Displacement DZ. Left: M15; Right: M16.

Model M17 and Model M18
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Models M17 and M18 have the stiffeners positioned in the interval 95-190 mm, measured

from the base and these are analysed in the mixed condition.

Model M17 is constrained so that on the top,

free, while vice versa is in model M18.

warping is prevented and on the bottom it is

Table 4.15 shows the results obtained from the buckling analysis of the structure for the first

3 modes.
Mode Ner Error Mode Ner Error
1 53.21 kN 0.27E-03 1 33.92 kN 0.58E-07
2 96.78 kN 0.23E-05 2 77.56 kN 0.19E-07
3 108.55 kN 0.37E-07 3 82.87 kN 0.42E-07

Table 4.15 — Buckling loads of the first 3 mode. Left: M17; Right: M18.

The undeformed and deformed models M17 and M18 of the first mode are shown below:

Figure 4.40 — From the left: undeformed, deformed and top view of the deformed. Left: M17; Right: M18.

Both for model M17 and model M18 it is possible to notice that the instability of mode 1 is of

the torsional type, as already observed in the experimental campaign, as well as that of

mode 2, while the instability of mode 3 is of the flexural type.

The response in terms of longitudinal displacements field of the first buckling mode is shown

in figure 4.41.

Analysis: Analysis 1
Loadcase: 1:Loadcase 1, Eigenvalue 1
Results fle: Provine P2 IMPEDITOA -LIBERO~Analysis 1.mys
Eigenvalue: 53,2142
Load factor: 53,2142
Error norm: 0,269935E-3
Entity: Displacement
Component DZ (Units: m)
-0,0449549
-0,0337162
-0,0224774
-0,0112387
0,0
0.0112387
0.0224774
0.0337162
0,0448549

Maximum 0,0505742 at node 20208
Minimum -0,05605743 at node 20210

Y X

Analysis: Analysis 1

Loadcase: 1:Loadcase 1, Eigenvalue 1

Results fle: Provino P2 LIBERO-IMPEDITO~Analysis 1.mys
Eigenvalue: 33,924

Load factor 33,924

Error norm: 57,6278E-9 |
Entity: Displacement

Component DZ (Units: m)

. -0,0536697

-0,04025623
-0,0268348
-0,0134174
0,0

0,0134174
0,0268348
0,0402523
0,0536697

Maximum 0,0603784 at node 46231
Minimum -0,0603784 at node 46229

Figure 4.41 — Displacement DZ. Left: M17; Right: M18.
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Model M19 and Model M20

Models M19 and M20 have the two stiffeners positioned in the interval 95-190 mm from each

end. This models are analysed in the mixed condition.

Model M19 is constrained so that on the top, warping is prevented and on the bottom it is

free, while vice is versa in model M20.

Table 4.16 shows the results obtained from the buckling analysis of the structure for the first

3 modes.
Mode Ner Error Mode Ner Error
1 84.26 kN 0.43E-05 1 84.56 kN 0.70E-09
2 104.31 kN 0.48E-06 2 85.96 kN 0.15E-07
3 104.31 kN 0.63E-08 3 85.96 kN 0.23E-07

Table 4.16 — Buckling loads of the first 3 mode. Left: M19; Right: M20.

The undeformed and deformed models M19 and M20 of the first mode are shown below:

|

Y

Figure 4.42 — From the left: undeformed, deformed and top view of the deformed. Left: M19; Right: M20.

Both for model M19 and model M20 it is possible to notice that the instability of mode 1 is of

the torsional type, as already observed in the experimental campaign, while that of mode 2

and of mode 3 is of a flexural type.

The response in terms of longitudinal displacements field of the first buckling mode is shown

in figure 4.43.

Analysis: Analysis 1

Loadcase: 1:Loadcase 1, Eigenvalue 1

Results fle: Provino P4 IMPEDITO-LIBERO~Analysis 1.mys
Eigenvalue: 84,2581

Load factor: 84,2581

Error norm: 4,28865E-6

Entity: Displacement

Component DZ (Units: m})

. -0,058561

-0.0439207
-0.0292805
-0.0146402
0,0
0.0146402
0.0292805
00439207
0.058561

Maximum 0,0658811 at node 31689
Minimum -0,0658811 at node 31631

hi X

Analysis: Analysis 1

Loadcase: 1.Loadcase 1, Eigenvalue 1

Results fle: Provino P4 LIBERO-IMPEDITO~Analysis 1.mys
Eigenvalue: 84,2581

Load factor: 84,2581

Error norm: 0,696166E-9

Entity: Displacement

Component DZ (Units: m)

. -0,0585611

-0,0439209
-0,0292806
-0,0146403
0,0
0,0146403
0,0292806
0,0439209
0,0585611

Maximum 0,0658813 at node 18031
Minimum -0,0658813 at node 18107

Figure 4.43 — Displacement DZ. Left: M19; Right: M20.
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Model M21 and Model M22

Models M21 and M22 have the stiffeners positioned in the interval 0-95 mm, measured from

the base and these are analysed in the mixed condition.
Model M21 is constrained so that on the top, warping is prevented and on the bottom it is

free, while vice versa is in model M22.

Table 4.17 shows the results obtained from the buckling analysis of the structure for the first

3 modes.
Mode Ner Error Mode Ncr Error
1 4410 kN 0.52E-03 1 28.67 kN 0.75E-07
2 80.07 kN 0.49E-04 2 63.64 kN 0.45E-07
3 110.34 kN 0.13E-04 3 86.39 kN 0.13E-05

Table 4.17 — Buckling loads of the first 3 mode. Left: M21; Right: M22.

The undeformed and deformed models M21 and M22 of the first mode are shown below:

ls

Figure 4.44 — From the left: undeformed, deformed and top view of the deformed. Left: M21; Right: M22.

Both for model M21 and model M22 it is possible to notice that the instability of mode 1 is of
the torsional type, as already observed in the experimental campaign, as well as that of
mode 2, while the instability of mode 3 is of the flexural type.

The response in terms of longitudinal displacements field of the first buckling mode is shown

in figure 4.45.

Analysis: Analysis 1

Loadcase: 1:Loadcase 1, Eigenvalue 1

Resdults fle: Provino P5 IMPEDITO-LIBERO~Analysis 1.mys
Eigenvalue: 44,1049

Load factor: 44,1048

Error norm: 0,5203E-3

Entity: Displacement

Compenent. DZ (Units: m)

-0,0400859 1
-0.0300645

-0,020043

0,0100215

0.0

0,0100215

0,020043

Maximum 0,0450967 at node 16951
Minimum -0,0450967 at node 17027

¥

X

Analysis: Analysis 1

Loadcase: 1:Loadcase 1, Eigenvalue 1

Results fle: Provino P5 IMPEDITO-LIBERO~Analysis 1.mys
Eigenvalue: 44,1049

Load factor: 44,1049

Error norm: 0,5203E-3

Entity: Displacement

Compoenent: DZ (Units: m)

-0,0400859
-0,0300645
-0,020043
-0,0100215
0,0

0,0100215
0,020043

0,0300645
0,0400859

Maximum 0,0450967 at node 16951
Minimum -0,0450967 at node 17027

Figure 4.45 — Displacement DZ. Left: M21; Right: M22.
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Model M23 and Model M24

Models M23 and M24 have the two stiffeners positioned in the interval 0-95 mm from each
end. These models are analysed in the mixed condition.

Model M23 is constrained so that on the top, warping is prevented and on the bottom it is
free, while vice versa is in model M24.

Table 4.18 shows the results obtained from the buckling analysis of the structure for the first

3 modes.
Mode Ner Error Mode Ner Error
1 52.35 kN 0.93E-04 1 52.35 kN 0.19E-05
2 96.49 kN 0.66E-05 2 87.52 kN 0.15E-06
3 113.73 kN 0.17E-06 3 87.52 kN 0.22E-06

Table 4.18 — Buckling loads of the first 3 mode. Left: M23; Right: M24.

The undeformed and deformed models M23 and M24 of the first mode are shown below:

Is

Figure 4.46 — From the left: undeformed, deformed and top view of the deformed. Left: M23; Right: M24.

For the model M23 it is possible to notice that the instability of mode 1 is of the torsional type,
as already observed in the experimental campaign, as well as that of mode 2, while the
instability of mode 3 is of the flexural type. For model M24 the instability of mode 1 is of the
torsional type, as already observed in the experimental campaign, while that of mode 2 and
of mode 3 is of the flexural type.

The response in terms of longitudinal displacements field of the first buckling mode is shown

in figure 4.47.

74



Chapter 4 — Numerical simulations and comparisons

Analysis: Analysis 1 Analysis: Analysis 1
Loadcase: 1:Loadcase 1, Eigenvalue 1

Loadcase: 1:Loadcase 1, Eigenvalue 1
Results fle: Provino P6 IMPEDITO-LIBERO~Analysis 1.mys Results fle: Provino P6 LIBERG-IMPEDITO~Analysis 1.mys
) Eigenvalue: 52,35

Eigenvalue: 52,3496
Load factor: 52,3496 Load factor: 52,35

Error norm: 83,4714E-6 Error norm: 1,86927E-6
Entity: Displacement Entity: Displacement
Component: DZ (Units: m) Compoenent DZ (Units: m)

-0,0445234 -0,0445236
-0,0333925 i -0,0333927 i
-0,0222618

0.0222617
-0.0111308 20171308
0.0 0,0

0,0111308 0.0111309
0,0222617 0.0222618
0,0333925 0,0333927
0,0445234 0.0445236

Maximum 0,0500891 at node 16034

Maximum 0,0500888 at node 34166
Minimum -0,0500891 at node 16026

Minimum -0,0500888 at node 34138

X
A =

Figure 4.47 — Displacement DZ. Left: M23; Right: M24.

4.4 Further models

To complete the study and to understand what is the best position of the stiffener, six further

models have been studied in both free warping and fully-restrained warping conditions.

Model M25 and Model M26

Models M25 and M26 have the stiffener positioned in the interval 190-285 mm, measured

from the base.

Model M25 is analysed in the free warping condition while model M26 in the fully-restrained
warping condition.

Table 4.19 shows the results obtained from the buckling analysis of the structure for the first

3 modes.
Mode Ner Error Mode Ner Error
1 39.01 kN 0.25E-07 1 59.96 kN 0.69E-07
2 46.57 kN 0.21E-07 2 59.96 kN 0.46E-07

52.9 kN 0.71E-04 3 62.53 kN 0.70E-09
Table 4.19 — Buckling loads of the first 3 mode. Left: M25; Right: M26.

The undeformed and deformed models M25 and M26 of the first mode are shown below:
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| e

Figure 4.48 — From the left: undeformed, deformed and top view of the deformed. Left: M25; Right: M26.

For the model M25 it is possible to notice that the instability of mode 1 is of the torsional type
as well as that of mode 2, while the instability of mode 3 is of the flexural type. For model

M26 the instability of the first three modes is of the flexural type with local buckling

phenomena.
The response in terms of longitudinal displacements field of the first buckling mode is shown

in figure 4.49.

Analysis: Analysis 1 Analysis: Analysis 1 )
Loadcase: 1:-Loadcase 1, Eigenvalue 1 Loadcase: 1:Loadcase 1, Eigenvalue 1
Results fle: Provino P13 LIBERQ-LIBERO~Analysis 1.mys Results fle: Provino P13 IMPEDITO-IMPEDITO~Analysis 1.mys
Eigenvalue: 39,013 Eigenvalue: 59,9592
Load factor: 39,013 Load factor: 59,9592
Error norm: 25,2027E-9 Error norm: 69,4563E-9
Entity: Displacement

Entity. Displacement
Component: DZ (Units: m) Component DZ (Units: m)

-0,0527838 -0,0550256
-0,0395879 -0,0412692
-0,0275128

-0,0263919

-0,013196 -0,0137564

0,0 0,0

0,013196 0,0137564

0,0263919 0,0275128

0,0395879 0,0412682

00527838 _ . 00550256
Maximum 0,0593818 at node 44831 Maximum 0,0619038 at node 39247
Minimum -0,0593818 at node 44791 Minimum -0,0619038 at node 39271

Y X Y X
Figure 4.49 — Displacement DZ. Left: M25; Right: M26.
Model M27 and Model M28

Models M27 and M28 have the two stiffeners positioned in the interval 190-285 mm from

each end.
Model M27 is analysed in the free warping condition while model M28 in the fully-restrained

warping condition.
Table 4.20 shows the results obtained from the buckling analysis of the structure for the first

3 modes.
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Mode Ner Error Mode Ncr Error
1 51.40 kN 0.99E-10 1 60.21 kN 0.36E-06
2 53.76 kN 0.15E-09 2 60.21 kN 0.93E-06
3 53.76 kN 0.19E-09 3 62.53 kN 0.19E-07

Table 4.20 — Buckling loads of the first 3 mode. Left: M27; Right: M28.

The undeformed and deformed models M27 and M28 of the first mode are shown below:

"

Figure 4.50 — From the left: undeformed, deformed and top view of the deformed. Left: M27; Right: M28.

oo

For the model M27 it is possible to notice that the instability of mode 1 is of the torsional type,
while that of mode 2 and of mode 3 is of the flexural type. For model M28 the instability of the

first three modes is of the flexural type with local buckling phenomena.
The response in terms of longitudinal displacements field of the first buckling mode is shown

in figure 4.51.

Analysis: Analysis 1

Loadcase: 1:Loadcase 1, Eigenvalue 1

Results fle: Provino P14 LIBERO-LIBERO~Analysis 1.mys
Eigenvalue: 51,399

Load factor: 51,399

Error norm: 99,0005E-12

Entity: Displacement

Compoenent DZ (Units: m)

-0,0855062
-0,0641297
-0,0427531

-0,0213766
0,0
0,0213766
0,0427531
0,0641297
0,0855062

Maximum 0,0961945 at node 163
Minimum -0,0961945 at node 147

Analysis: Analysis 1

Loadcase: 1:Loadcase 1, Eigenvalue 1

Results fle: Provino P14 IMPEDITO-IMPED ITO~Analysis 1.mys
Eigenvalue: 60,2146

Load factor: 60,2146

Error norm: 0,357845E -6

Entity: Displacement

Component DZ (Units: m)

-0,0507093
-0,0380319
-0,0253546

-0,0126773
0,0

0,0126773
0,0253546
0,0380319
0,0507093

Maximum 0,0570479 at node 41681
Minimum -0,0570479 at node 41653

X

Figure 4.51 — Displacement DZ. Left: M27; Right: M28.

Model M29 and Model M30

Models M29 and M30 have the two stiffeners positioned in the interval 285-380 mm from

each end.

Model M29 is analysed in the free warping condition while model M30 in the fully-restrained

warping condition.
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Table 4.21 shows the results obtained from the buckling analysis of the structure for the first

3 modes.
Mode Ner Error Mode Ncr Error
1 30.06 kN 0.14E-07 1 83.94 kN 0.18E-04
84.45 kN 0.24E-05 2 125.06 kN 0.26E-06
84.45 kN 0.75E-07 3 125.17 kN 0.27E-06

Table 4.21 — Buckling loads of the first 3 mode. Left: M29; Right: M30.

The undeformed and deformed models M29 and M30 of the first mode

| <

Figure 4.52 — From the left: undeformed, deformed and top view of the deformed. Left: M29; Right: M30.

are shown below:

Both for model M29 and model M30 it is possible to notice that the instability of mode 1 is of

the torsional type, while th

at of mode 2 and of mode 3 is of the flexural type.

The response in terms of longitudinal displacements field of the first buckling mode is shown

in figure 4.53.

Analysis: Analysis 1
Loadcase: 1:Loadcase 1, Eigenvalue 1

Analysis: Analysis 1
Loadcase: 1:Loadcase 1, Eigenvalue 1

Results fle: Provino P15 LIBERO-LIBERO-Analysis 1.mys Results fle: Provino P15 IMPEDITO-IMPEDITO~Analysis 1.mys

Eigenvalue: 30,0653

Load factor: 30,0653
Error norm: 14,4872E-9
Entity: Displacement
Component DZ (Units: m)

-0,0588023
-0,0441018
-0,0294012

-0,0147006
0,0

0,0147006
0,0294012
0,0441018
0,0588023

Maximum 0,0661526 at node 147
Minimum -0,0661526 at node 163

Eigenvalue: 83,9369
Load factor: 83,9369
Error norm: 17,9421E-6
Entity: Displacement

| Component: DZ (Units: m)

-0,0585381
-0,0439035
-0,029269
-0,0146345
|| 0,0
0,0146345
0,029269

0,0439035
0,0585381

Maximum 0,0658553 at node 7083
Minimum -0,0658553 at node 7085

Y X Y

Figure 4.53 — Displacement DZ. Left: M29; Right: M30.

78



Chapter 4 — Numerical simulations and comparisons

4.5 Comparisons between numerical simulations and

experimental campaign

Table 4.22 shows the critical stresses that will be compared with yield stress to understand if

the specimen before reaching the buckling load has become vyielded.

o — Ncr,e
cr,e A
Where:
-A=251,84 mm’;
Model Ner.e Ocre Elastic
Buckling
(ogr,e < c"v)
. M1 18,79 74,61 Yes
- M2 33,9 134,61 Yes
- | M3 18,34 72,82 Yes
- M4 81,15 322,23 No
— M5 28,67 113,84 Yes
- - M6 52,35 207,87 No
- | M7 43,34 172,09 No
e — M8 45,41 180,31 No
- M9 53,21 211,28 No
) M10 84,26 334,58 No
— M11 44 1 175,11 No
- - M12 52,35 207,87 No
- | M13 29,45 116,94 Yes
- | M14 31,6 125,48 Yes
N M15 27 107,21 Yes
e — M16 36,93 146,64 No
- M17 53,21 211,28 No
- M18 33,9 134,61 Yes
) M19 84,26 334,58 No
) M20 84,26 334,58 No
— M21 44 1 175,11 No
— M22 28,67 113,84 Yes
- - M23 52,35 207,87 No
- - M24 52,35 207,87 No
- M25 39 154,86 No
- M26 59,95 238,05 No
R M27 51,4 204,10 No
. M28 60,21 239,08 No
- M29 30,07 119,40 Yes
- M30 83,94 333,31 No

Table 4.22 - Results of numerical simulations, elastic critical stress and yield test.
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The yield stress range of 6060-T5 aluminum alloy is between 120 MPa and 165 MPa. To
evaluate if the model was subject to elastic buckling, the average value of yield stress range
was considered.

When the beam is not yielded, o, must be less than the yield stress o, = 142,5 MPa. So,
through the comparison among this two stresses it was understood if the model collapse for
instability or it was yielded. Table 4.22 shows for what models the buckling load is really had.
To understand which numerical and experimental values can be compared, it was necessary
to evaluate the critical stress it in the elasto-plastic range. This was obtained by referring to

Johnson’s parabola as for the flexural buckling. There may be two cases:

Ocre < 0 = Now = Ny , there is elastic instability;

i

Ocre > Op = Ocpep = O5 — = Ng = 0¢rep A, there s elasto-plastic instability.

40cre

Where

So, instability has existed for all models, or in the elastic range or in the elasto-plastic range,
in how much all have been subject to a torsion produced by a compression of the same
model.

Oy, min Oy,max

Model Nere Ocre Ocr.ep Nerep Ocrep Nerep
(kN) (MPa) (MPa) (kN) (MPa) (kN)

M1 18,79 74,61 71,75 18,07 - 18,79
M2 33,9 134,61 93,26 23,49 114,44 28,82
M3 18,34 72,82 70,57 17,77 - 18,34
M4 81,15 322,23 108,83 27,41 143,88 36,23
M5 28,67 113,84 88,38 22,26 105,21 26,50
M6 52,35 207,87 102,68 25,86 132,26 33,31
M7 43,34 172,09 99,08 24,95 125,45 31,59
M8 45,41 180,31 100,03 25,19 127,25 32,05
M9 53,21 211,28 102,96 25,93 132,79 33,44
M10 84,26 334,58 109,24 27,51 144,66 36,43
M11 44 1 175,11 99,44 25,04 126,13 31,77
M12 52,35 207,87 102,68 25,86 132,26 33,31
M13 29,45 116,94 89,21 22,47 106,80 26,90
M14 31,6 125,48 91,31 23,00 110,76 27,89
M15 27 107,21 86,42 21,76 101,52 25,57
M16 36,93 146,64 95,45 24,04 118,59 29,86
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M17 53,21 211,28 102,96 25,93 132,79 33,44
M18 33,9 134,61 93,26 23,49 114,44 28,82
M19 84,26 334,58 109,24 27,51 144,66 36,43
M20 84,26 334,58 109,24 27,51 144,66 36,43
M21 441 175,11 99,44 25,04 126,13 31,77
M22 28,67 113,84 88,38 22,26 105,21 26,50
M23 52,35 207,87 102,68 25,86 132,26 33,31
M24 52,35 207,87 102,68 25,86 132,26 33,31
M25 39 154,86 96,75 24,37 121,05 30,48
M26 59,95 238,05 104,88 26,41 136,41 34,35
M27 51,4 204,10 102,36 25,78 131,65 33,16
M28 60,21 239,08 104,94 26,43 136,53 34,38
M29 30,07 119,40 89,85 22,63 108,00 27,20
M30 83,94 333,31 109,20 27,50 144,58 36,41

Table 4.23 — Critical load in elasto-plastic range

From the analysed models it is evident as the type of constraint influences the behaviour of
the beam.

To make comparisons between numerical and experimental results, the minimum yield
stress was considered because it provided buckling load results more similar to the
experimental ones.

Comparisons between the results are shown in table 4.24.
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Name Type of constraint Numerical Experimental Percentage
buckling buckling different
load load (Nc,num= Ncexp)/ Nc exp
(Ne,num) (Neexp) x 100
M1-S1 Free warping 18.07 kN 21 kN -14 %
M8-S8 Restrained warping 2519 kN 24 kN 5%
M15 Mixed condition 21.76 kN - -
M16 Mixed condition 24.04 kN - -
M2-S2 Free warping 23.49 kN 23 kN 21 %
M9-S9 Restrained warping 25.93 kN 27 kN -4 %
M17 Mixed condition 25.93 kN - -
! M18 Mixed condition 23.49 kN - -
I M3-S3 Free warping 17.77 kN 20 kN -11.2 %
! M7-S7 Restrained warping 24 95 kN 25 kN -0.2 %
M13 Mixed condition 22.47 kN - -
L M14 Mixed condition 23 kN - -
M4-S4 Free warping 27.41 kN 24 kN 14.2 %
M10-S10 Restrained warping 27.51 kN 25 kN 10 %
M19 Mixed condition 27.51 kN - -
M20 Mixed condition 27.51 kN - -
M5-S5 Free warping 22.26 kN 21 kN 6 %
M11-8S11  Restrained warping 25.04 kN unreliable -
M21 Mixed condition 25.04 kN - -
M22 Mixed condition 22.26 kN - -
A M6-S6 Free warping 25.86 kN 26 kN -0.5%
M12-S12  Restrained warping 25.86 kN unreliable -
M23 Mixed condition 25.86 kN - -
] M24 Mixed condition 25.86 kN - -

Table 4.24 - Comparison between numerical and experimental results.
Graph 4.1 shows the percentage differences between numerical and experimental results.
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Graph 4.1 — Percentage difference between numerical and experimental results
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As already mentioned in chapter 3, the experimental results of specimens S11 and S12 are
not correct because the welding of the stiffeners in contact with the constraints has distorted

the test. The results of these cases are thus unreliable.

4.6 Comparisons between stiffened, uniform and weakened

beam

It was interesting to compare the FEM results obtained from the stiffened beam with those of
the beam without stiffeners (uniform beam) and of the beam with a local reduction of the
warping stiffness represented by the absence of the flanges for a beam portion 1 cm long

placed at one fourth of the beam length (see Piana et al., 2017c).

Uniform beam Stiffened beam Weakened beam
N, FEM (kN) N FEM (kN) N FEM (kN)
Free warping 16.5 39 9.8
Fully-restrained
38.4 59.95 29.6

warping

Table 4.24 - Comparisons of FEM buckling loads of the stiffened, uniform and weakned beam

In this thesis, beams were analysed with stiffener in different positions. In the table 4.24 the
beam was considered with the stiffener placed at y = 237.5 mm. In this way it is possible to
compare with the weakened beam with damage placed at y = 240 mm. It must be observed,

however, that the stiffening and the weakening have different lengths.

4.7 Comparisons between beams with different stiffener

The article by Svensson and Plum, entitled "Stiffener Effects on Torsional Buckling of
Columns" cited in chapter 1, presents an analytical evaluation of the effect of locally placed
stiffeners.

Figure 1.7 shows an analogy between the section studied in that article and the one of this
thesis. The stiffened section, in one case is octagonal while in the other it is squared. For this
reason, to make a comparison between the two studies, through the use of LUSAS it was
possible to obtain the buckling load. Two models were compared in two different warping
restraint conditions, free warping and fully restrained warping. The length of the beams is

950 mm while the stiffener length is 95 mm.
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(a) (b)

Figure 3.54 — (a) Models of this thesis; (b) Models of the article

In first model the stiffening is placed at y = 475 mm while in second model aty = 427.5 mm.
By setting an eigenvalue problem it was possible to obtain the buckling loads of the different
models. Table 4.25 shows buckling loads.

Free warping Fully restrained warping

Thesis Article Thesis Article
M1 18.79 kN 18.52 kN 45.41 kN 44.36 kN
M2 18.34 kN 18.09 kN 43.34 kN 41.56 kN

Table 4.25 - Comparison between buckling loads

The buckling load values between thesis and scientific paper are only slightly different. The
instability of all the analysed models is torsional.

Both types of stiffener represent constraints to cross-sectional warping. The one studied in
this thesis stiffens more but is more difficult to realise in practice, while that of the article

stiffens less but is easier to realise.
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Conclusion and future developments

The aim of this thesis was to analyze the structural instability of open thin-walled beams.
Specifically, numerical and experimental investigation were conducted to analyze the static
behaviour (torsional instability due to compression) of beams with cruciform section with
flanges, stiffened by longitudinal plates located in different positions.

Different end constraint conditions were analyzed: warping free at both ends, warping
restrained at both ends, and the mixed conditions. So, the buckling load was identified both
numerically and, for the previous two constraint conditions, experimentally, for a subsequent
comparison.

In addition to the finite element program (Lusas), the LabVIEW programming software was
essential to achieve the result.

In the experimental campaign a laser displacement transducer was used to register the
transverse displacement at a point (see Chapter 3). This was done to identify buckling
occurrence from axial load vs. transverse displacement curves, in addition to the axial load-
axial displacement curves given by the MTS.

Through this study, it was clear that all the beams were subject to instability. For some the
instability occurred in the elastic range while for others in the elasto-plastic range.

The beams analyzed had one or two stiffeners. The search of buckling load made it possible
to identify the optimal position of the stiffener(s). Therefore, from the results we deduce that
the stiffeners must be placed where the warping is maximum in the unstiffened beam.
Considering the beam with only one stiffener in the conditions of both free and restrained
warping, the ideal position of the stiffener is around L/4 from an end.

On the other hand, considering the beam with two stiffeners in the condition of both free and
restrained warping, the ideal stiffeners position is approximately L/8 from the ends for both

upper and lower stiffener.
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Chapter 5 — Conclusion and future developments

In the first case, in the free warping condition the buckling load value is 39 kN while, in the
restrained warping condition of 59.95 kN. In the second case, in the free warping condition
the buckling load value is 81.15 kN while, in the restrained warping condition of 84.26 kN.
The previous values were obtained from finite element models.

Below are shown the models with optimal position of stiffeners.

(a) (b)

Figure 5.1 — Optimal model: (a) with only one stiffener; (b) with two stiffeners.

The work of this thesis was very interesting because there are no closed solutions of these
beams with this particular section. For this reason, it was necessary to conduct an
experimental campaign with an parallel numerical analysis, fundamental to validate the
experimental results.

Possible developments of the present study may concern the analysis of the flexural-
torsional instability in section beams with a single axis of symmetry or without symmetry
axes. A further step forward in the study could instead have as its object the stability of thin-

wall beams subject to transverse loading.
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