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ON THE FOUNDATION OF NONLOCAL STRUCTURAL
MECHANICS FROM LATTICE ELASTICITY

N. CHALLAMEL
Université de Bretagne Sud, LIMATB
Centre de recherche, rue de Saint Maudé, 56321 Lorient, France

1. FROM DISCRETE TO CONTINUOUS ELASTICITY - THE STRING PROBLEM

The source of discreteness in mechanics or physics may come from the inherent
nature of matter which is composed of a discrete (or a finite) number of local repetitive
cells. Discrete-based medium may be classified as a microstructured medium, and the
microstructure can be related to the atomistic composition at a subscale, but also to the
molecule, crystal, grain or truss organization at larger scales. Historically, Lagrange
during the XVIII-th century first obtained analytical results for the discrete string, which
is reconsidered here as a paradigmatic structural model. The free vibrations equation of
the microstructured string of length L is governed by a linear difference equation:

Wig = 2W; + Wi,

2
a

where a is the distance between the nodes (L=na), x is the line density, » is the
frequency, T is the applied tensile force, and w, is the transverse deflection at node i.

It can be shown that the frequency equation of this discrete problem with the fixed-fixed
boundary conditions w, = w, = 0 can be analytically solved and the exact frequencies are

given by Lagrange [1]:
o, = 2—nsin (k—”)\/z 2
' L L2n )\ u

The difference operator in Eqg. (1) can be expanded using a differential approximation
scheme, thus leading to the nonlocal differential approximation (see also [3] for the axial
lattice or more recently [4])

T +,ua)2Wi =0 (8]

2
TW" + g “W— o 212" = 0 with 12 2 (3)
—_— 12
where the underlined term is responsible for nonlocal effects. The vibration frequency of
the fixed-fixed nonlocal string is then obtained by introducing a sinusoidal mode shape in
Eq. (3), thereby leading to:

® 1 k’z? 1
l;n = 2 2,2 ~ 1T 2 +O[_4) “)
o k“7z I 12n n")
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The discrete string problem has been revisited in the light of nonlocal mechanics. The
same reasoning may be followed for discrete beams or discrete plates.

2. NONLOCAL STRUCTURAL MECHANICS

The present analysis may be also applied to bending systems. Hencky’s model [2]
composed of rigid links connected by concentrated elastic springs can be considered as a
discrete beam model, where the bending moment is related to the deflection as:

M, = EI Wi — ZVZi Wiy (5)
a
which may be approximated, after a continualization process, by the nonlocal constitutive
law, whose differential format is of Eringen’s type [5]:

M —(e,a)PM"=Elx  with x—w’ and e, = —— ©)
243

These results may be generalized to the in-plane and out-of-plane motion (see
Challamel [6, 7, 8]), statics versus dynamics, one-dimensional versus two-dimensional
plate media. Nonlocal structural mechanics is definitely an efficient engineering theory
that may be able to capture the fundamental scale effects related to the microstructure of
the discrete element. A lot of applications may be found in the small-scale world but also
for large scale structures in civil engineering such as truss structures for instance.
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DEFORMATION AND BUCKLING OF AXIALLY COMPRESSED
CYLINDRICAL SHELLS WITH ESSENTIALLY NON-UNIFORM
STRESS-STRAIN STATE

V.L. KRASOVSKY
Department of Structural Mechanics and Strength of Materials
Prydniprovs’ka State Academy of Civil Engineering and Architecture
Chernyshevskogo 24a, 49-600 Dnipropetrovsk, Ukraine

Experiments show that the major feature of buckling process of real shells is the
locality of its beginning connected with non-uniformity of precritical stress-strain state
(SSS) caused by non-uniform perturbations fields. These factors concern local
perturbations dominating over a spectrum of initial imperfections and external actions,
non-uniform loading, discontinuities (cuts, openings), non-uniform loads application and
non-uniform boundary conditions. In this case the theoretical analysis of stability based
on linear precritical and bifurcation models is insufficient. An adequate approach to the
real buckling process is a consecutive geometrically nonlinear analysis until the shell
collapse. Until recently, a successful carrying out of such analysis was unreal, but now
due to modern computers and software based on finite element method (FEM), this
analysis appears quite possible. The article examines numerical results within ANSY'S
software of three groups of problems of deformation and buckling of axially
compressed elastic circular cylindrical shells with essentially non-uniform precritical SSS.

Problems of the group 1 are devoted to the investigation of geometrically nonlinear
behaviour of axially compressed shells under transversal kinematic local quasi-static
actions (LQA) [1]. As LQA cause a strong non-uniform SSS of shells, the nature and
conditions of load application influence on the features of shell behaviour. In this
connection, geometrical and FE models of shells and also simulation models of five
schemes of application and removal of an axial loading and LQA have been developed.
The axial loading is applied through rigid disks according to two types: force (schemes 1,
3, 5) and kinematic (schemes 2, 4) loading. The models of shells also consider three types
of boundary conditions on the edges. For two types the shell edges are hinged to rigid
disks (schemes 1-4). Thus, for one type free out-of-plane rotations are possible (schemes
1, 2), and for another one parallel edge displacements are supposed (schemes 3, 4). For
the third type of boundary conditions radial and tangent displacements are restricted on the
edges, but out-of-plane edge displacements are allowed (scheme 5). Numerical buckling
simulations have been carried out by means of geometrically nonlinear analyses realized
for step-by-step loading of a shell. This research also studies the influence of the sequence
of the axial load and LQA application (typical or initial LQA).

For 5 mentioned schemes in a wide range of axial loads, dependences of transversal
reactions on typical lateral LQA are received. These dependences completely reflect main
features of shells behaviour for desired axial load and LQA. For the schemes 1-4 in the
certain area of axial loads these dependences show an existence of the stable buckling
mode of a shell with one local dent that corresponds to the experimental data and
analytical solutions. For the scheme 5 these dependences have a different character in
comparison with other schemes. The visualisation results and comparisons of numerical

17



Stability of Structures X1V-th Symposium — Zakopane 2015

buckling modes with experimentally tested patterns of compressed shells under LQA
prove the opportunity of detection of bifurcation points in geometrically nonlinear
analyses within ANSYS software. In this case, the criterion of bifurcation points is a
divergence of numerical solutions.

Problems of the group 2 concern the buckling behaviour of axially compressed
shells with one transversal (in the middle section) or one longitudinal cut of various
lengths [2]. FE models reflect 5 mentioned loading schemes. Besides, numerical
simulations repeat 60 own buckling tests of shells with cuts compressed according to the
scheme 1. Numerical problems consider three buckling analyses: linear (solution 1),
geometrically nonlinear (solution Il) and geometrically nonlinear analysis of shells with
imperfections (solution II1). The solution Il provides the best correspondence to the
experimental data for any cuts. The main features of linear and geometrically nonlinear
analyses of buckling problems are determined depending on loading schemes 1-5 and on
cut lengths. A high efficiency of ANSYS software has been proved for numerical
simulations of shells buckling taking into account a physical nonlinearity of material.

Problems of the group 3 deal with numerical analyses [3] of deformation and
stability of elastic circular cylindrical shells undergoing periodically non-uniform SSS of
different nature: periodical axial loading and periodical initial imperfections. The study is
focused on the effect of “static resonance”. This effect consists in the increase of static
lateral deformation of the shell and decrease of limit load in a case of non-uniform SSS
similar to the form of first Eigen vibration mode of a shell.

The present research also contains an important number of comparisons of
numerical solutions with experimental, analytical and other numerical researches. For all
the groups of problems an excellent correspondence between the numerical results and
known solutions confirms a good applicability of ANSYS software for the deformation
and buckling problems of axially compressed cylindrical shells with essentially non-
uniform SSS.

This work is supported by Alexander von Humboldt Foundation (Institutional
academic cooperation program, grant no. 3.4 — Fokoop — UKR/1070297).
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EQUILIBRIUM PATHS OF SELECTED
ELASTIC STRUCTURES

K. MAGNUCKI
Institute of Applied Mechanics, Poznan University of Technology
Jana Pawta I1 24, 60-965 Poznan, Poland

1. INTRODUCTION

The information on a post-buckling behaviour of structures is important for design
engineers. Post-buckling behaviour of columns, frames, plates, thin-walled beams and
shells was described and discussed for example by Hutchinson and Koiter (1970),
Thompson and Hunt (1973), Budiansky (1974), Bushnell (1989), Bazant and Cedolin
(1991) and Kubiak (2013). These authors indicated the stable/unstable equilibrium paths.

The paper is devoted to post-buckling behaviour of selected elastic structures, in
particular the shells of revolution with positive and negative Gaussian curvature, and also
a seven-layer orthotropic cylindrical shell.

2. COLUMNS, RECTANGULAR PLATES AND CYLINDRICAL SHELLS

The equilibrium paths for the columns and rectangular plates are stable, however for
the cylindrical or conical shells (zero of the Gaussian curvature) are unstable (Fig. 1).

a) b)

0 - Wy W,

Fig. 1. The equilibrium paths for columns - a), rectangular plates - b), cylindrical shells - c)

The stabilisation problem of equilibrium paths considered as an optimization
problem of structures was described by Bochenek and Kruzelecki [2].

3. SHELLS OF REVOLUTION WITH VARIABLE GAUSSIAN CURVATURES

P

Fig. 2. The scheme of the Cassini ovaloidal shell and the equilibrium path
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The stabilisation problem of equilibrium paths of shells of revolution considered as
meridian shape problem was studied and described by Jasion [6]. The shells of revolution
with positive and negative Gaussian curvature are distinguished by stable equilibrium
paths. The example of this shell is the Cassini ovaloidal shell (Fig. 2), where k_ is a

dimensional parameter, K is Gaussian curvature, r(x) is radius of the meridian.

4. SEVEN-LAYER CYLINDRICAL SHELL

The seven-layer elastic cylindrical shell with main corrugated core and two three-
layer faces is an untypical sandwich structure (Fig. 3). The buckling and post-buckling
behaviour of a family of these shells under external pressure were numerically FEM
investigated by Malinowski et al [8]. The distinguishing mark of these shells are the
stable equilibrium paths (Fig. 3).

Py cr

"V;:ffo

Fig. 3. Scheme of the seven-layer cylindrical shell and the equilibrium paths
The research was conducted within the framework of Statutory Activities in 2015.
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STABILITY OF COLD-FORMED STEEL BEAMS
OF CORRUGATED WEBS.
EXPERIMENTAL AND NUMERICAL INVESTIGATIONS

V. UNGUREANU, D. DUBINA
Politehnica University of Timisoara, Timisoara, Romania
Romanian Academy — Timisoara Branch, Timisoara, Romania

The beams of thin corrugated web afford a significant weight reduction compared
with hot-rolled or welded ones. In the initial solutions, the flanges are made of flat plates,
welded to the sinusoidal web sheet, requiring a specific welding technology. A new
solution is proposed by the authors, in which the beam is composed by a web of
trapezoidal cold-formed steel sheet and flanges of back-to-back lipped channel sections.
For connecting flanges to the web self-drilling screws are used. The paper summarizes the
experimental and numerical investigations carried out at the CEMSIG Research Centre of
the Politehnica University of Timisoara and, at the end, presents an investigation of
sensitivity of webs to distortion of corrugations when the size of corrugations increases.

Five beams with corrugated webs (CWB) with a span of 5157 mm and a height of
600 mm have been tested, considering different arrangements for self-drilling screws and
shear panels. References [1] and [2] show detailed information related to the behaviour of
each tested specimen. Figure 1 shows, as an exemplification, the deformed shape of the
CWB-5 beam at collapse and the distortion of the web corrugation in the region with the
reduced number of screws. Additional tests in order to determine the material properties
and connections behaviour have been performed.

(b)
Fig. 1. (a) Deformed shape of CWB-5 beam at failure; (b) the distortion of the web corrugation

Based on the above results and considering the FEM models validated in [1], the
next step was to evaluate the behaviour and capacity of a beam of 12 m span with
trapezoidal shape and a another one of 16 m with parallel flanges using numerical
simulations [3]. The numerical model has been created using the commercial FE program
ABAQUS/CAE v.6.7.1. Details related to the type of finite elements, material behaviour,
contact parameters, modelling of screws and bolts are presented in [3].

Based on the conclusions of the second beam, of 16 m span with parallel flanges, on
the following, the influence of the depth of corrugation on the global behaviour was
studied. In this sense, three different depths for the corrugated web have been chosen, i.e.
30 mm, 43 mm (presented above) and 85 mm, in all the cases the thickness being 0.7 mm.
For this analyses the case with transversal translational and rotational springs at the top

21



Stability of Structures X1V-th Symposium — Zakopane 2015

flange in the position of purlins, corresponding to axial and bending rigidities of a Z200/2
purlin including fly bracings corresponding to the first purlin adjacent to the ridge has
been considered. Also, it should be mention that in case of screws, the optimized solution
used for beam CWB-5 was adopted, i.e. by adapting both the flange-to-web connections
and seam fasteners to the distribution of shear stresses.

Plotting all three curves on the same graph, it is easy to see that curve for
corrugation A85 has a reduced stiffness compared to the other two due to the fact the
depth of the corrugations is more sensible to the end distortion of the corrugations. More,
after reaching the maximum load the curve drop suddenly and a stable path can be seen
due to the buckling coming from in-plane loading of the web. The curves for corrugation
A30 and A45 have the same stiffness, but the maximum force is lower in case of A45 and
a “plateau” can be seen. Another aspect is related to the optimisation of screws used both
as seam fasteners and for connecting the web to the flanges. A better distribution of self-
drilling screws together with reduced thicknesses for the web will put better in evidence
the influence of the sheeting.
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Fig. 2. Force-displacement curve for the three different depths of corrugated web

On the aim of optimizing the technical solution for a mass production of such beams,
the further investigations will focus on these aspects.
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INFLUENCE OF BENDING-TWISTING COUPLING ON
COMPRESSION AND SHEAR BUCKLING STRENGTH FOR
INFINITELY LONG CARBON-FIBRE
AND FIBRE-METAL LAMINATED PLATES

C.B. YORK
Aerospace Sciences, School of Engineering, University of Glasgow
James Watt (South) Building, Glasgow G12 8QQ, UK

Loughlan [3] reminded us that the structural design engineer who is unaware of the
degrading influence of Bending—Twisting coupling on buckling response may choose a
lay-up configuration for which a simple orthotropic analysis approach leads to a
significant overestimate of the critical shear stress, i.e., on the unsafe side. This degrading
influence applies equally to the critical compressive stress, yet recent studies [1] illustrate
that the exact closed form solution for othotropic laminates continues to be incorrectly
applied to Bending—Twisting coupled designs. This is in spite of the fact that approximate
closed form solutions for long ‘flexurally anisotropic’ plates with simply supported edges
were developed by Weaver (see [7]), in order to help the designer quickly assess the
impact of ‘flexural/twist anisotropy’ on compression buckling loads.

For laminated plates that have a fixed number of constant-thickness plies, Loughlan
[3] demonstrated, by a finite strip approach, that, for a given degree of ‘material
anisotropy’, the stacking sequence of the plies significantly alters the degree of Bending—
Twisting coupling in the laminate and hence the shear buckling performance. Composite
plates that have the same dimensions and are of the same weight behave very differently
as a result of lay-up configuration. It should also be noted that these effects are direction
dependent, i.e., the shear buckling performance may be augmented, rather than degraded,
if the loading direction is reversed.

The current article serves to provide more clarity on this subject by identifying
laminates with matching stiffness properties, which differ only by their coupling terms
(D16, Dy), thus offering a clearer understanding on their isolated influence on buckling
performance. The (non-dimensional) bounds on both compression (Ky..) and shear (Kyy...)
buckling strength have previously been assessed using closed form solutions, applied to a
definitive listings of Bending—Twisting coupled laminates [7]:

Ko = 2{14 B~ (7 ~35) (5 + 3)] (1)
Ky ., =3.42+2055 01387 -1.79y - 6.895 + 0.36 8(2y + 5)- 0.25(2y + 5)* (2)

Xy

These assessments involve the non-dimensional parameters, proposed by Nemeth [5],
consisting of an othotropic parameter, S, and two anisotropic parameters, yand &.

p= (DlZ +2Dg )/(Dn Dgg )1/2 3)
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7= D16 (D113D22 )1/4 (4)

6 =Dy (Dn Dzz3 )1/4 (5)

Here the use of a finite strip or similar method would clearly have been impractical
for what amounts to an assessment of tens of thousands of stacking sequences. However,
subsequent comparisons of these approximate closed form solutions, against an exact
infinite strip method, has revealed that whilst high level inaccuracy is obtained for certain
anisotropy characteristics, there are significant errors on the unsafe side, for others.

Compression buckling assessments were found to be within 0.1% of the exact result
when the two anisotropic parameters were within 5% of each other; outside this range, the
buckling assessments could be in excess of 10%, on the unsafe side, of the exact result.
Shear buckling assessments revealed a rather more random distribution with much larger
inaccuracies. These inaccuracies will be addressed in this article and the applicability of
the revised closed form buckling solutions to fibre-metal laminates (FML) will be
demonstrated.

Application to FML is explored in the context of Aluminium and Carbon-Fibre
epoxy woven cloth (TeXtreme™) layers, since recent research [6] has revealed that thin
ply laminate technology with areal weights of 50g/m? compared to standard materials
with 250 g/m?, allows the possibility of designing isotropic layers, e.g. [o/Ba/o/Blon/PlT,
with « = g + z/4, possessing identical moduli to Aluminium, and within the thickness

constraints found in standard FML, such as Glare, e.g.: [Al./TeXteme/Al/TeXteme/Al ]+.
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COMPARISON OF FAILURE CRITERIA APPLICATION
FOR FML BUCKLING STRENGTH ANALYSIS

D. BANAT, R. J. MANIA
Department of Strength of Materials, Lodz University of Technology
Stefanowskiego 1/15, 90-924 £.6dz, Poland

1. FIBRE METAL LAMINATE (FML)

The subject of this study is a thin-walled profile made of Fibre Metal Laminate -
material which is a hybrid composite consisting of alternating thin layers of aluminium
and fibre-reinforced epoxy. That combination provides many benefits such as higher
bearing strength and huge impact resistance comparing pure metallic material.
Connection with fibre reinforced material also guarantees better fatigue characteristics as
well as high strength and stiffness of the structure. FMLs are also characterized by
relatively high corrosion and fire resistance which increase significantly its durability [1].
Furthermore, Fibre Metal Laminate composites can be designed to be strong in a specific
direction which gives engineers a lot of possibilities for specific industrial application.
Another great advantage of FMLs over conventional material is a low density of the
material which results in lower mass of entire structure.

For the purpose of this study, the 3-2 FML profiles of Z-section were designed by
appropriate composite layers arrangement. To obtain accurate profile geometry and
properties samples were manufactured in the pressure chamber of the autoclave system.
Performing curing cycle of that system at a specific heating rate and pressures allowed to
obtain high-quality composite structures [5].

2. NUMERICAL MODEL AND STRUCTURAL STABILITY ANALYSIS

Numerical analysis was performed with ANSYS software application, where
structural element SHELL181 was applied to create a discrete model of experimentally
tested Z-shape profiles. In FEM model 3-2 FML stacking was defined by the Lay-up
technique which allowed to specify each layer separately. Simply support boundary
conditions were defined by blocking kinematic degrees of freedom of loaded edges [4].
Specific nodes were coupled to guarantee the equal displacement and uniform
compression in axial direction.

Numerical analyses of the structure stability were performed in two stages. First,
linear eigenvalue buckling technique was used to predict buckling load and
corresponding buckling mode shape. Next, a post-buckling behaviour was studied by
means of nonlinear buckling analysis which included large deflection response and initial
imperfections of chosen magnitude. Furthermore, the structure stability was examined
under various laminate configuration and reinforcement directions. For determined
buckling load and load carrying capacity cases, the comparative analysis of failure
criteria applications was performed. As an example, the table below shows that each
considered criterion gives different results for the single FML layer under the same load.
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Fig. 1. Experimental test rig (a) and B-C of discrete model (b)

In Table 1 the headings stand for: TWSI - Tsai-Wu strength index; TWSR - inverse
of Tsai-Wu strength ratio index; HFIB - Hashin fiber failure criterion; HMAT - Hashin
matrix failure criterion; PFIB - Puck fiber failure criterion; PMAT - Puck inter-fiber
(matrix) failure criterion - respectively [3].

Table 1. Comparison of failure criteria results for selected FML layer
Failure criteria
TWSI | TWSR | HFIB | HMAT | PFIB | PMAT
Buckling load 0.400 | 0.665 |0.009| 1.242 |0.093| 0.663
Load carrying capacity | 1.005 | 1.002 | 0.020| 2.193 |0.141| 0.999

Type of load

Further detailed analysis allows to assess the stress tensor components participation
in the FML failure. Implementing real parameters and strengths of the material obtained
in laboratory tests allowed to estimate the potential failure of the structure in a buckling
and post-buckling range. Determined FC results also were mapped onto the profile
geometry to indicate regions greatly exposed to failure.
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EXPERIMENTAL INVESTIGATIONS OF THIN WALLED,
SQUARED CROSS - SECTION COMPOSITE TUBES APPLIED
TO STATIC COMPRESSION
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1. ABSTRACT

This paper deals with the experimental investigations of thin-walled, squared cross-
section composite tubes subjected to a static compression. The main purpose of this paper
is to present and discuss different methods of data analysis while investigating stability of
thin-walled structures. Performed experiments were conducted by employing Zwick/Roel
universal test stand; non-contact, geometrical - optical principled system Aramis
produced by GOM company and strain-gauge technique. Different methods of
determining buckling loads were employed, discussed and compared. Moreover all
problems, occurring during experiments and data analysis were emphasized in order to
show what kind of difficulties could appear during processing the results of
measurements. As an example, comparing non-dimensional strain-gauges data with
dimensional non-contact system Aramis results of measurements can quoted.

2. SCOPE OF THE RESEARCH
Tests were performed on composite, thin-walled columns with square cross-section

with dimensions presented in the Fig. 1. Walls were made of 8th layered GFRP prepreg
tape.

Wﬁl"". ,
"

250

Fig. 1. Considered columns with their dimensions
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Following six different layer arrangements of the plies were considered:
[45°/-45°/45°-45°]5
[45°/-45°/0°/0°]s
[45°/-45°145°/0°]s
[45°/-45°/45°/0°/0°/-45°/145°/-45°] ¢
[0°/45°1-45°/45°/-45°/45°/-45°/0°]
[-45°/45°145°/45°/-45°/-45°]-45°/45°] ;.
Buckling loads were determined on the basis of the two main methods [1], [2]:
e inflection point method,
e P-w? method.
Moreover applicability of this two methods and others was discussed. In Fig. 2. is
an example of limited applicability of some methods, as well. The paper tries to answer
how to deal with such a problem.

a) b)
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Fig. 2. Exemplary strain - load relationship for possible (a) and impossible
(b) application of Averaged Strain Method
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DYNAMIC RESPONSE OF PLATE
UNDER TEMPERATURE FIELD PULSE
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1. INTRODUCTION

FGMs are composed of a mixture - mostly of metal and ceramics, in different
proportions across the wall thickness. The material properties can slightly and
continuously change from one surface to another one, excluding the stress concentration
e.g. FGMs can be used in the ultrahigh temperature field such as nuclear plants,
aerospace, thermal ballistic shields or space vehicles etc.

Na and Kim [1] conducted the thermal buckling and postbuckling analyses for
FGMs up to an uniform and non-uniform temperature rise on the basis of the finite
element method. Authors of paper [2] analysed the buckling phenomenon for static and
dynamic loading (pulse of finite duration) of functionally graded plates subjected to
uniform temperature increment.

2. PROBLEM DESCRIPTION

The presented studies concern the behavior of functionally graded square plate of
the side length of 1 m and thickness of 0.01 m, subjected to the thermal pulse loading.
The problem was solved by means of the finite element method. The temperature rise
through the plate thickness was assumed to be uniform, linear or sinusoidal. The analysis
was developed in the ANSYS 14.5 software. The duration of thermal loading equal to a
period or half a period of natural fundamental flexural vibrations of given structures has
been taken into consideration. An evaluation of dynamic response of structures was
carried out on the basis of Budiansky-Hutchinson criterion [2].

3. COMPUTATION RESULTS

The plates analysed in current paper have continuously varying material properties
only in the thickness direction. On the top surface of the plate, pure metal was assumed
and it grades up to the bottom surface containing ceramics only.

The overall material properties (for each component, see Table 1) in relation to the
layer position (denoted as z) through the plate thickness (denoted as h) can be expressed
as:

P(z) =P, 'Vm(z)+ P 'Vc(z):Pc'F(Pm_Pc)'{l_ﬁj (1)
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Figs. 6a and 6b show the plate response maximal deflections under the thermal
pulse loading for linear temperature rise and sinusoidal temperature rise, respectively.
The diagrams show the plate deflection for the pulse duration equal to one period.

Table 1. Material properties of components

properties ceramics metal

Young’s modulus [GPa] 393 200

Thermal expansion coefficient [1/K ] 13.3.10 ¢ 8.8.10°

Poisson’s ratio [-] 0.25 0.3

Density [kg /m*] 2000 7800
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5/1
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Fig. 1. Maximal deflection of the plate vs. dynamic thermal loading for a) linear
temperature rise and b) sinusoidal temperature rise

4. SUMMARY

The work dealt with the numerical simulation of functionally graded plate under
thermal pulse loading. It was stated that the great influence on the plate response had the
distribution index, the duration and the kind of the temperature rise.
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1. KRYTERIA ZNISZCZENIA KOMPOZYTOW

W analizie zniszczenia kompozytow stosuje si¢ wiele kryteriow umozliwiajacych
analiz¢ zniszczenia, co jest uzasadnione duza roznorodnoscia wlasciwosci
mechanicznych kompozytow [1,2]. W laminatach materiat pojedynczej warstwy
traktowany jest makroskopowo jako material jednorodny, natomiast samo kryterium
formutowane jest dla k-tej warstwy w lokalnym uktadzie wspotrzgdnych zwigzanym z
gtéwnymi kierunkami ortotropii warstwy. Szeroko stosowane do oceny zniszczenia sg
kryteria naprezeniowe, bazujace na parametrach granicznych kompozytu, okreslajacych
naprezenia niszczace przy S$ciskaniu, rozcigganiu w gtownych kierunkach ortotropii
warstwy oraz $cinaniu [3].

W pracy wykorzystano naprezeniowe kryteria zniszczenia do opisu zniszczenia
$ciskanych osiowo cienkosciennych stupow kompozytowych o przekroju ceowym,
wykonanych z kompozytu weglowo-epoksydowego technika autoklawowsa. Konstrukcja
shipéw wykonana byla w symetrycznym ukladzie o$miu warstw kompozytu w
konfiguracji [0/-45/45/90];. Zakres badan obejmowat numeryczne obliczenia nieliniowe;j
stateczno$ci  konstrukcji z wykorzystaniem metody elementéw skonczonych w
programach ANSYS® oraz ABAQUS".

2. ANALIZA NUMERYCZNA — DYSKUSJA WYNIKOW

Realizacj¢ obcigzenia modeli numerycznych kontynuowano do poziomu osiagnigcia
parametru krytycznego okreslonego dla kazdego zastosowanego kryterium. Na podstawie
stanu napr¢zen wyznaczono warto$¢ obcigzenia inicjujacego zniszczenie pierwszej
warstwy laminatu Pggni.mes oraz warto$¢ obciazenia niszczacego P _ves. ZaloZono, ze
zniszczenie nastgpuje poprzez spetnienie kryterium zniszczenia we wszystkich
warstwach kompozytu, zaktadajac, ze do momentu wyczerpania nosnosci ostatniej
warstwy, wszystkie warstwy pracuja.

Przyktadowe mapy parametru  krytycznego dla  wartoSci  obcigzenia
odpowiadajacego zniszczeniu pierwszej warstwy Prini-mes Przedstawiono na Rys. 1.

.......

kryteriéw oraz wyniki badan eksperymentalnych zestawiono w Tabeli 1.
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a) s
Rys. 1. Mapy parametru krytycznego: a) Tsai-Wu (ABAQUS®), b) Hill (ANSYS™)

Tablica 1. Zestawienie sit [N] inicjujacych zniszczenie i sit niszczacych

. MES Eksperyment MES Eksperyment
kryterium Ps(ini)-MES Pi(ini)-Exsp Ps -mes Pr-exsp
Max. napr¢zen 5469 8329
Tsai-Hilla 5490 9002
Tsai-Wu 5500 5064 8750
Azzi-Tsai-Hilla 5484 5466 9019 9010
Wilczynskiego 4987 6905 7073
Hoffmana 4953 6866
Pucka, Cui 4948 6864
Hilla 4927 6661

Poddajac analizie otrzymane wyniki stwierdzono maksymalne réznice obcigzenia
inicjujgcego zniszczenie pierwszej warstwy kompozytu dla wszystkich zastosowanych
kryteriow zniszczenia na poziomie 10.4% w przypadku obliczen numerycznych oraz
9.8% pomie¢dzy wynikami obliczen i eksperymentu. Maksymalna rozbiezno$¢ wynikow
w przypadku obcigzenia niszczacego ksztaltuje si¢ na poziomie 26% w obydwu
przypadkach, tj. pomigdzy poszczegdlnymi kryteriami zniszczenia w obliczeniach MES
oraz w stosunku do wynikow badan doswiadczalnych. Potwierdza to zbiezno$¢
zastosowanych naprgzeniowych kryteridow zniszczenia w stopniu akceptowalnym dla
zastosowann w analizie stateczno$ci oraz stanéw granicznych badanych konstrukeji
cienko$ciennych.
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1. ZNISZCZENIE SLUPOW KOMPOZYTOWYCH

Dotychczasowe badania wykazuja, ze konstrukcje cienkos$cienne po utracie
stateczno$ci lokalnej sg w stanie przenosi¢ obciazenie [1]. Istotha staje si¢ znajomosé
zachowania konstrukcji w pelnym zakresie obciazenia. Proces degradacji struktury
wskutek narastania obcigzenia wciaz jest niedostatecznie przebadany. Szczegolnie wazne
jest okreslenie warunkow granicznych oraz okreslenie obcigzen niszczacych. Znane z
literatury Kkryteria zniszczenia laminatow [2] stanowig jedynie wstgpne 0Szacowanie
obcigzen, ktore inicjujg proces zniszczenia struktury kompozytu. Brakuje poglebionej
eksperymentalnej weryfikacji stosowanych kryteriow zniszczenia rzeczywistej struktury.

W prezentowanej pracy wykorzystano naprezeniowe kryteria zniszczenia do opisu
standbw granicznych $ciskanych osiowo cienkosciennych stupow kompozytowych
0 przekroju typu omega (hat). Badane stupy zostaty wykonane z o$miowarstwowego
kompozytu weglowo-epoksydowego o symetrycznym ukladzie warstw wzgledem
plaszczyzny $rodkowej laminatu, w konfiguracji [0/-45/45/90],. Przeprowadzono
symulacje numeryczne metodg elementéw skonczonych. W obliczeniach zastosowano
komercyjny pakiet ABAQUS®. Wyniki symulacji numerycznych zweryfikowano
eksperymentalnie.

2. WYNIKI BADAN I WNIOSKI

Analize stanéw pokrytycznych i granicznych $ciskanych stupéw cienkosciennych
prowadzono w ujeciu nieliniowym zakladajac duze przemieszczenia (zagadnienie
geometrycznie nieliniowe) [3]. Dodatkowo przyjeto liniowy model materiatu. Do oceny
nosnos$ci konstrukcji zastosowano Kkryterium Tsai-Wu. We wstepnych badaniach
eksperymentalnych ~ wyznaczono  warto§ci  graniczne  stosowanego  materiatu
kompozytowego. Jako moment inicjacji zniszczenia kompozytu przyjmowano warto$é
obcigzenia Pgjni.mes 0dpowiadajacego spelnieniu parametru zniszczenia w pierwszej
warstwie kompozytu. Natomiast warto$¢ obcigzenia granicznego Pryes okreslano jako
obcigzenie odpowiadajace spehieniu kryterium zniszczenia Tsai-Wu we wszystkich
warstwach ukladu. Wyznaczone numerycznie wartosci obcigzenia granicznego
porownano z wartosciami tych obcigzen okreslonych doswiadczalnie. Deformacje
konstrukcji odpowiadajaca momentowi utraty no$nosci stupa przedstawiono na Rys. 1.
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Rys. 1. Utrata no$nosci stupa: a) wynik symulacji numerycznej, b) badania do§wiadczalne

Tabela 1. Zestawienie sit inicjujacych zniszczenie i sit niszczacych

MES MES Eksperyment
Pt(ini)-mes Pt _mes Pt _eksp
IN] IN] (N
Prl: 19 506
16 500 19910 Pr2: 20 307
Pr3:21 813

Prezentowane wyniki wykazaty duza zgodno$¢ wyznaczonych numerycznie oraz
doswiadczalnie warto$ci obcigzenia niszczacego. Maksymalne rozbieznosci dla probki
nr Pr3 nie przekroczyly 9%. W badaniach eksperymentalnych nie potwierdzono
wyznaczonych numerycznie obcigzen inicjujacych zniszczenie pierwszej warstwy, a
inicjacja zniszczenia nastgpowata tuz przed catkowita utratg nosnosci stupa. Zachowanie
rzeczywistej konstrukcji cienkosciennej zdeterminowane jest przez wiele czynnikow
pomijanych w symulacjach numerycznych wynikajacych np. z losowych ugigé
wstepnych, niedokladnosci obcigzenia oraz warunkow brzegowych. Dalsze badania
numeryczne oraz eksperymentalne sa konieczne do pelnego opisu procesu degradacji
struktury oraz samego procesu zniszczenia.

Praca zostata dofinansowana ze §rodkéw Narodowego Centrum Nauki przyznanych
na podstawie decyzji numer DEC-2013/11/B/ST8/04358.
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ANALIZA NUMERYCZNA STANOW POKRYTYCZNYCH
SCISKANEJ PLYTY Z WYCIECIEM

K. FALKOWICZ, M. FERDYNUS, H. DEBSKI
Department of Machine Design and Mechatronics, Lublin University of Technology
Nadbystrzycka 36, 20-618 Lublin, Poland

1. PRZEDMIOT I ZAKRES BADAN

Przedmiot badan stanowily dwie grupy prostokatnych pityt o wymiarach
gabarytowych AxB = 250150 mm i grubosci g =1 mm, wykonane ze stali spr¢zynowej
50HS oraz kompozytu weglowo-epoksydowego. Analizowane ptyty posiadaty
symetryczne, usytuowane centralnie wycigcie, o ksztalcie prostokata i klepsydry
(Rys. 1i2), ktorego wymiary obrysowe a i b stanowily parametry geometryczne
o kluczowym znaczeniu, jesli chodzi o charakterystyke podkrytyczna ptyty. Parametry
geometryczne wycigcia zmienialy si¢ w zakresie: a = 80200 mm oraz b = 20+50 mm.

L b TS
Rys. 1. Wymiary geometryczne plyty z Rys. 2. Wymiary geometryczne plyty z
prostokatnym wycigciem wycigciem w ksztalcie klepsydry

Ptyta zostata podparta przegubowo i obcigzona sita $ciskajacg rownomiernie
roztozong na gornej krawedzi ptyty. Aby zwigkszy¢ nosnos¢ plyt zdecydowano si¢ na
wymuszenie utraty statecznosci wedlug wyzszej, gigtno-skretnej postaci wyboczenia.
Pozadane zachowanie si¢ konstrukcji bylo realizowane w uchwycie, w ktorym
zamocowano plyte. Zakres badah obejmowal analize numeryczng MES (program
ABAQUS) zagadnienia nieliniowej statecznos$ci, w ktorej obliczenia prowadzone byly na
modelach z zainicjowana imperfekcjg geometryczna odpowiadajaca gietno- skretnej
postaci wyboczenia konstrukcji.

W badanym ustroju wyraznie konstrukcyjnie wydzielone sg pasy pionowe, gdzie
element cienko$cienny jest Sciskany i zginany oraz pasy poziome, gdzie wystepuje
glownie skrgcanie. W zalezno$ci od tego, jaki obszar zajmuja poszczegélne strefy,
element ptytowy uzyskuje odmienng charakterystyke. Ta wlasciwo$¢ moze by¢ bardzo
istotna w aspekcie ewentualnych zastosowan, gdyz tatwo mozna uzyska¢ elementy
o identycznych wymiarach do zabudowy, a o kraficowo ro6znej charakterystyce.
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Zagadnienia stateczno$ci, zachowan pokrytycznych oraz no$no$ci granicznej
ustrojow plytowych z otworami zostaty opisane m.in. w pracach [1+4].

2. WYNIKI ANALIZY NUMERYCZNEJ]

Otrzymane wyniki obliczen pozwalaja na dokonanie jako$ciowej i iloSciowej oceny
pracy konstrukcji w zakresie pokrytycznym. Formy deformacji pokrytycznej ptyty dla
wszystkich badanych przypadkéw stanowity poglebienie deformacji zaimplementowane;j
postaci wyboczenia. Uzyskane $ciezki roéwnowagi prezentowane sg do pojawienia si¢
uplastycznienia w narozu wycigcia. Zmniejszenie dziatania karbu w narozu wycigcia
powinno zwigkszy¢ zakres pracy konstrukcji. Przyktadowe charakterystyki ukazujace
pokrytyczne $ciezki rOwnowagi przedstawiono na Rys. 3. Dotycza one wybranej grupy
plyt o szerokos$ci wyciecia b = 20 mm wykonanych z materialu izotropowego.

PIN] szeroko$¢ wyciecia b=20[mm)] PIN] szeroko$é wycigcia b=20[mm]

6000 wysoko§é

P 6000
wysokosé g
wycigciaa
o wycigcia a il . b
4000 ‘ e

3000 —4—120 L e

4000 —~—50 ——50

—4—120

——160

——200

2 2 o o % B & b) o 2 b b
Rys. 3. Pokrytyczne $ciezki rownowagi w zaleznosci od wysokosci wyciecia
a) wycigcie prostokatne; b) wycigcie w ksztalcie klepsydry

B 10 12

Przebieg zalezno$ci pomigdzy obcigzeniem a ugieciem bocznym plyty, wskazuje na
silng zalezno$¢ zakresu tych charakterystyk od parametrow geometrycznych wyciecia.
Jak si¢ okazuje ksztalt wyciecia nie jest tak istotny, jak jego wymiary obwiedniowe.
Zaprezentowane krzywe wskazuja, ze przy tych samych wymiarach gabarytowych plyty
mozna uzyska¢ zdecydowanie odmienne charakterystyki pracy konstrukeji, ksztalttowane
wymiarami wyciecia. Otrzymane wyniki potwierdzajg decydujacy wpltyw wysokosci
wyciecia a na charakterystyke pokrytyczna badanych plyt. Powyzsze wnioski maja
istotne znaczenie praktyczne w aspekcie obliczania tego typu ustrojéw do zastosowan
jako elementy sprezyste.
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DYNAMIC AXIAL CRUSHING OF FLAWED THIN-WALLED
SQUARE SECTION TUBES

M. FERDYNUS
Department of Machine Construction & Mechatronics, Lublin University of Technology
Nadbystrzycka 36, 20-618 Lublin, Poland

M. KOTELKO
Department of Strength of Materials, £.6dZ University of Technology
Stefanowskiego 1/15, 90-924 t.6dz, Poland

1. INTRODUCTION

In the case of thin-walled members subjected to axial compression, which act as
energy absorbers, a substantial issue is such a design, which promotes a progressive
buckling mechanism, stimulating the highest energy absorption capacity. One of the
possible design solutions is the application of a trigger (notch or dent), which releases the
most desirable crushing mechanism. There are numerous published results of research
concerning energy absorption of thin-walled tubes [1, 2], however, very few deal with
tubular structures with dents or other flaws. In [3] the authors studied the behavior of
tubular columns with dents, but these flaws were treated as imperfections coming from
damage. The static analysis of axially compressed square section tube with dents in the
corners is presented in [4].

0 T T T T T T
0 20 40 60 80 100 120 140 160 180 200 220 240 260

C) U2 [mm]

Fig. 1. Subject of analysis: a) - theoretical model (A15%), b) - numerical model -
failure pattern, c) - comparative load-shortening diagram

2. SUBJECT OF RESEARCH

The subject of investigation was a thin-walled square section aluminum tube with
four indentations in the corners. The tubes of dimensions 70x2 and height | = 335 mm,
were made of aluminum alloy EN AW6060-T6 (R, = 175 MPa, R, = 250 MPa, v = 0.33).
This material exhibits linear hardening during plastic flow (E = 70GPa, E; = 937,5MPa).
The process of modeling of the column with dents was realized with the Catia v5
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software package in the Generative Shape Design module. The dent’s geometry was
characterized by the main radius R =50 mm. The depth of the dent was 2.5; 5; 7.5: 10,
12.5 mm, what is 5; 10; 15; 20; 25 % of its diagonal of cross- section. Dents were made
at the bottom of the column (Fig. 1a). The models were designated by the symbols from
A05% to A25%, where the number stands for the relative depth of the dent. The column
with smooth walls was designated as GL.

3. NUMERICAL ANALYSIS - PARAMETRIC STUDY

A parametric study into an optimal dents situation and geometry with respect to the
energy absorption capacity of tubes was performed on the basis of FE simulations. FE
explicit analysis was carried out using ABAQUS 6.13 code. An impact of energy
E =10 kJ was assumed. A bi-linear material model was applied. As the preliminary
results of the parametric study have showed that the best energy absorption indicators for
examined columns, namely EA - energy absorption, MCF - mean crushing force, CLE -
mean to ultimate crushing force ratio were obtained for columns A20%, the further
analysis was performed for these columns, with different distance of a dent from the
bottom end, 5,10,15 and 20 [mm]. The columns were indicated as B20_05 to B20_20,
respectively. Energy absorption indicators for those columns are shown in Table 1.

Table 1. Energy absorption indicators for columns type B

Model of column
Parameter GL B20_05 B20_15 B20_20
EA[J] 6748.91 6327.37 6271.96 8274.59
MCF [kJ/mm] 31.27 29.30 29.04 38.34
CLE [%] 31.58 33.09 32.21 42.34

As shown in the Table 1 the energy indicators increase rapidly for column B20. The
research presented in the paper is a part of a wider project. Further investigation will be
continued into an experimental validation of theoretical results and more detailed
parametric study into an optimal situation and dimensions of dents. Also an optimization
using a technique of metamodels is planned.
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STATECZNOSC ZDELAMINOWANYCH CIENKOSCIENNYCH
KOMPOZYTOWYCH KOLUMN PODDANYCH SCISKANIU

A. GLISZCZYNSKI, T. KUBIAK, J. SLIWINSKI
Katedra Wytrzymatosci Materiatow i Konstrukcji, Politechnika £.odzka
Stefanowskiego 1/15, 90-924 ¥.6dz, Polska

1. WPROWADZENIE

Elementem badan konstrukcji kompozytowych jest analiza zjawisk towarzyszacych
powstawaniu delaminacji. Zrodel ich powstawania nalezy poszukiwaé juz na etapie
wytworczym, kiedy delaminacja moze pojawi¢ si¢ na skutek blednie dobranych
parametréw procesu autoklawowego. Inicjacj¢ delaminacji zapoczatkowaé rowniez moze
uderzenie z niska predkoscia [1], wptywajace na lokalng degradacje sztywnoS$ci materiatu.
Uszkodzenia w postaci mikropeknig¢ badZ delaminacji najczegsciej modelowane sg jako
podobszary (w ksztalcie okrggu badZz elipsy) posiadajace odmienne wtasnosci
materialowe lub w postaci rozwarstwien nieciggto$ci pomiedzy warstwami [1-2]. W
pracy rozpatrzono krotki, oSmiowarstwowy ceownik kompozytowy poddany $ciskaniu, w
ktérym obszar delaminacji zostal zamodelowany w postaci rozwarstwienia na granicy
sasiadujacych warstw. Rozwazano nastgpujace quasi-izotropowe schematy ulozenia
wiokien: [0/90/0/90]s oraz [45/-45/45/-45]s. W pracy nie uwzgledniano lokalnej
degradacji sztywnosci i catemu obszarowi analizy przyporzadkowano tozsamy model
materiatlowy. Liniowe oraz nieliniowe analizy stateczno$ci analizowanych struktur
zostaly przeprowadzone metodg elementéw skonczonych w $rodowisku programu
ANSYS"®.

Tabela 1. Wiasnosci mechaniczne

E: = G Vi2 T, T, S, C, C,
[GPa] | [GPa] [GPa] | [GPa] [GPa] [GPa] | [GPa] | [GPa] | [GPa]
38.5 8.1 2.0 0.27 792 39 108 679 71

2. MODEL MATERIALOWY

Wiasnoéci mechaniczne analizowanego typu kompozytu zostaly wyznaczone w
badaniach eksperymentalnych. Testy wytrzymato§ciowe obejmowaty rozcigganie i
$ciskanie probek z wzdluznym oraz poprzecznym ulozeniem widkien oraz probe
$cinania. Proba $cinania zostata przeprowadzona na podstawie normy ASTM D 3518,
jako proba rozciggania quasi-izotropowej probki kompozytowej o utozeniu warstw pod
katem £45°. W przeprowadzonych prébach wytrzymatosciowych wyznaczono niezbedne
wlasnosci materiatowe, ktore przedstawnionio w Tabeli 1.

3. MODEL NUMERYCZNY

Analizowana  kolumna  zostala  poddana  Sciskaniu, odpowiadajacemu
rownomiernemu skroceniu stupa. W  wezlach, stanowiacych podparcie stupa
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zamodelowano przegubowe podparcie, odbierajac przemieszczenie w kierunku
wzdluznym 1 poprzecznym. Weztom obcigzanym przyporzadkowano stala wartosc
przemieszczen wzdtuz osi stlupa uy=const. oraz odebrano mozliwos$¢ przemieszczen w
kierunkach prostopadtych do kierunku dzialajacego obcigzenia. Ze wzgledu na stalg
warto$¢ przemieszczen przekroju obcigzanego, sita Sciskajaca zostala zaimplementowana
do modelu numerycznego w postaci sity skupionej F.

uz=const, ux=0

uz=ux=0 uz=const, uy=0

uz=uy=0

delaminacja

vy

Rys. 1. Model dyskretny z przyjetymi warunkami brzegowymi

Obszar analizy zostal zdyskretyzowany czteroweztowym, wielowarstwowym
elementem powtokowym o szeSciu stopniach swobody w kazdym wezle (SHELL181).

4. ANALIZA WYNIKOW

Z przeprowadzonych analiz wynika, ze gtowny wpltyw na wartos¢ sity krytycznej
wyznaczane] w liniowej analizie statecznosci ma wielko$¢ delaminacji oraz miejsce jej
wystepowania w schemacie migdzywarstwowym. Najnizsze wartosci krytyczne osiagajg
ustroje, w ktorych delaminacja znajduje si¢ w najblizszym sgsiedztwie warstw
zewnetrznych a najwyzsze wartosci sit krytycznych towarzysza przypadkom kiedy
delaminacja jest zlokalizowana w najblizszej odleglosci wzglgdem plaszczyzny
srodkowej. W $wietle przeprowadzonych obliczen na pierwsza warto$¢ wiasng nie ma
natomiast wyraznego wptywu geometryczna lokalizacja strefy zdelaminowanej wzgledem
dlugosci i szerokos$ci analizowanej kolumny, a takze faktu czy delaminacja wystepuje na
srodniku czy tez jednej z potek rozpatrywanego shupa. Liniowe analizy statecznosci
stanowig jedynie wstep do analizy statecznosci 1 pokrytycznego zachowania
analizowanych kolumn, ktére zostatly przeprowadzone celem wyznaczenia postaci
wlasnych oraz warto$ci krytycznych. Analizy statecznosci stanowi¢ beda dalsza czesé
badan, ktorych rezultaty zostang przedstawione podczas sympozjum.
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STRENGHT AND BUCKLING OF THE SHELL OF REVOLUTION
WITH THE BOOTH LEMNISCATE MERIDIAN

M. GRYGOROWICZ, P. JASION, P. PACZOS, K. MAGNUCKI
Institute of Applied Mechanics, Poznan University of Technology
ul. Jana Pawla II 24, 60-965 Poznan, Poland

1. INTRODUCTION

The shells of revolution are basic elements of thin-walled structures, such as
pressure vessels, tanks, space crafts or submersibles. There are a lot of publications
describing that kind of structures. Strength and stability of shells of revolution are
dscribed in details, e.g. [1, 2, 3, 4, 5]. The presented paper is devoted to the Booth’s
ovaloidal shell. The meridian of this shell is in the elliptic Booth lemniscate shape.

The Booth oval as a plane curve in Cartesian coordinates is defined as follows

1

y:i%—(2x2—bz)+w/4(a2—bz)x2+b2];, 1)
2

where a and b are the parameters of the above function.
The shape of the middle surface of the barrelled shell is shown in Fig. 1.

r

05

Y
N

Fig. 1. The elliptic Booth lemniscate for a=1.0 and b = 0.6

The capacity of the shell is

v, = 2n}[r(x)]zdx : )

The mass of the shell

ms = Astsps’ (3)

a 2

d . .
where: A, =4z [r |1+ (d—r} dx - lateral area, t; - thickness of the shell, ps - mass density.
X
0
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The principal radii of the surface

R, (x)
R, (x)= O
e e Wa T R
r (XL JJL o J [4(a* —=b*)x* +b*]e

1

,la"—b7 —/4(a’ —bz)x2+b"]21E
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2. THEORETICAL STUDY OF STRENGTH AND BUCKLING OF THE SHELL
The membrane forces of the Booth’s ovaloidal shell under uniform pressure pg
1 [ R,(x)]1
N0 REIR N (0= 1 ”me)po. @
2 x)

The pre-buckling and buckling states of this shell are numerically analysed with
FEM application and calculated with the use of the ANSYS system.
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POSTBUCKLING OF IMPERFECT PLATE LOADED
IN COMPRESSION

J. HAVRAN, M. PSOTNY
Department of Structural Mechanics, Slovak University of Technology
Radlinského 11, 810 05 Bratislava, Slovakia

1. INTRODUCTION

The stability analysis of thin plate loaded in compression is presented. The non-
linear FEM equations are derived from the variational principle of minimum of potential
energy. To obtain the non-linear equilibrium paths, the Newton-Raphson iteration
algorithm is used. The peculiarities of the effects of the initial imperfections are
investigated using user program. Special attention is paid to the influence of
imperfections on the post-critical buckling mode.

2. THEORY

From the condition of the minimum of the increment of the total potential energy
8 AU =0 can be obtained the system of conditional equations in the form:

Kie da+F, —Fgy —AF 4 =0, (1)

where K ;.

is the incremental stiffness matrix of the plate, F,,, is the internal force
(plate), F,, -the external load (plate), AF,,, -the increment of the external load

(plate). Isotropic elastic material is considered. Initial geometric imperfection is chosen in
the form:

. TX . Ty 27X Ty
Wy = a,, Sin Tsm T+ a gy SN

sin . 2

E =210 GPa
»=0.30

Fig. 1. Notation of the quantities of the plate loaded in compression
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3. FEM NONLINEAR ANALYSIS

The FEM computer program using a 48 DOF element has been used for analysis.
FEM model consists of 4x4 finite elements. Full Newton-Raphson procedure has been
applied. Ilustrative examples of steel plate loaded in compression from Fig. 1 are
presented as load-displacement paths in Fig. 2 and Fig.3.
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Fig. 2. Plate with initial imperfection (a;=0.05 and a(,=0.33)
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Fig. 3. Plate with initial imperfection (0,;=0.05 and 0,=0.35)
From Figs. 2 and 3 it is obvious that two almost identical modes of initial

imperfection at the beginning of the loading process offer two different solutions in
postbuckling range. More details in the full text.
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SOME ASPECTS OF AIR-CENTRE STRUCTURE OF
AUTOMOTIVE HEAT EXCHANGERS IN VIEW OF
ITS POST-BUCKLING BEHAVIOUR

S. KEDZIORA
Faculty of Science, Technology and Communication University of Luxembourg
Campus Kirchberg, 6 rue Coudenhove-Kalergi
L-1359 Luxembourg, Luxembourg

1. INTRODUCTION

Air-centres are the key components of automotive heat exchangers [1] taking into
account heat transfer requirements and air pressure drop. In other words, their main goal
is to provide a sufficient surface needed to transfer heat with minimum pressure drop of
an airside. The air-centres are thin-walled structures made of wrought aluminium alloy
with a ratio between a minimum dimension and a thickness at least of 85. In addition,
they create a necessary structural support for heat exchanger tubes and thanks to them a
heat exchanger cores have a required structural resistance. The Figure 1 shows main
components of the typical automotive heat exchanger (heater core).

The current heat exchanger structural designs were developed based on ground
of many years’ developments having regard to field failures and complex manufacturing
processes. Unfortunately, there are still design issues, which need to be clarified and one
of them is the structural design requirements of the air centres.

Inlet/
Inlet  Outlet Header
Pipe Tank 73 Side Plate

C (‘ Tubes
- \ Header
Outlet ZX
Pipe
Return
Tank

Side Plate

Air Centers j/

Fig. 1. Main components of automotive heat exchanger (heater core) - nomenclature
Source: http://www.delphi.com/manufacturers/auto/heatcool/intheatcool/cores

The goal of this paper is to show importance of the post-buckling resistance of the
air-centres on the overall structural integrity of the heat-exchanger core. The work
is focused on the post-buckling behaviour of the air-centres taking into consideration
different material properties in an elasto-plastic range and the different thickness. Both
parameters have influence on stress level in the heat-exchangers tubes. The varying
stresses in the tubes are main roots of field failure of the heat exchangers. The buckled
shapes of the air centres cause the reduction of the tube stiffness supports. Thus, they
causes high tube stresses, which in turn reduce significantly field lifetime of the heat
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exchangers. The problem is very much practical due to continuous trend on nowadays-
automotive market to decrease the thickness of components of heat exchangers in order
to cut cost of final products.

Unfortunately, there is not a clear limit of the thickness reduction considering
the strength (pressure resistance) of the core. In addition, the strength material
requirements are not visibly defined in terms of the overall pressure core resistance.
This work is going to bring some estimation of the thickness and the material strength
requirements of the air centres taking into consideration the complex buckling problem.

The current nominal thickness of the air-centres is about 0.075 mm with a trend
to reduce. The material is typically wrought aluminium alloy 3003-H14 with the trend
to change to higher strength materials.

2. ANALYSIS METHOD AND RESULTS

The problem is theoretically solved using the finite element method [2, 3].
A typical design of air centre was selected from heater cores or radiators.

The analysis depends on the nonlinear buckling calculations of the air-centres with
initial random complex imperfections since they are never perfect in shape.
The calculations are made using the commercial software ANSYS 15/16 of the finite
element method [4]. The maximum von Mises stress in the tube was taken as an output
parameter, which makes feasible a comparison and an assessment of the dissimilar
air-centre designs.

e

Fig. 2 Post buckling shape of analysed air-centres
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INTERACTIVE BUCKLING OF FGM COLUMNS UNDER
COMPRESSION
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The present paper deals with interactive buckling of thin-walled columns, which are
made of functionally graded materials (FGMs). FGMs are inhomogeneous composites
made up of two constituents: metallic and ceramic phases. The content of the volume of
these two phases changes gradually along the thickness of the structures. Al-TiC metal-
ceramic material is applied and these FG structures are subjected to axial compression. The
structures are simply supported at both ends. The classical laminate plate theory (CLPT) is
employed to obtain the governing equations of the thin-walled FG plate equilibrium. A
plate model of the FG column has been adopted in the study to describe global buckling
which leads to lowering the theoretical value of load carrying capacity. In order to obtain
the differential equilibrium equations of individual plates the Hamilton’s Principle for the
asymptotic analytical-numerical method was applied and the nonlinear theory of composite
plates has been modified in such a way that it additionally accounts for the full Green’s
strain tensor for thin plates and the second Piola-Kirchhoff’s stress tensor in Lagrange’s
description. The study is based on the numerical method of the transition matrix using
Godunov’s orthogonalization. The solution method assumed in this study allows for
interaction analysis of all buckling modes. In the presented considerations, thermal effects
are neglected. The most important advantage of this method is that it enables one to
describe a complete range of behaviour of thin-walled FG structures under compression.
The authors have found no earlier studies on interactive buckling of FGM structures. One
can find papers in which the buckling and post-buckling behaviour of thin-walled elements
made of FGMs under compression (e.g., plates [1]) is presented. The nonlinear analysis of
this type of elements devoted to basic types of loads is covered in [2]. In paper [3], the
nonlinear Koiter’s theory has been used to explain an effect of the imperfection sign (sense)
on the post-buckling equilibrium paths of FG structures. In the case of FG structure,
nonzero first-order sectional inner forces that cause an occurrence of nonzero post-buckling
coefficients responsible for sensitivity of the system to imperfections appear. It results in
the fact that post-buckling equilibrium paths of plate structures made of FGMs are
nonsymmetrically stable. This explains the differences in the plate response dependence on
the imperfection sign (sense). Using the classical laminate plate theory (CLPT), the stress
and moment resultants (N, M) are defined as:

(= J% ( 1)
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where: A, B, D - are extensional, coupling and bending stiffness matrices, respectively, for
the FG structure. Due to the presence of the nontrivial submatrix B, the coupling between
extensional and bending deformations exists. The interactive buckling of thin-walled beam-
columns with closed and open cross-sections (i.e. trapezoidal, square, top hat and lip
channel) are considered (Fig. 1). An interaction of various buckling modes, that is to say,
from a two-mode up to four-mode approach has been assumed in the analysis. Attention has
been drawn to the effect of the imperfection sign (sense) and the nonsymmetrical stable
post-buckling equilibrium path on load carrying capacity. The differences in the behavior of
the analyzed columns can be easily explained by different effects of adjacent walls of the
column and by the nonsymmetrical stable post-buckling path for FG structures [3-4] on the
assumption that the values of imperfection are the same.
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Fig. 1. Thin-walled beam-columns with different cross-sections

This publication is a result of the research carried out within the project subsidized over
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WPLYW SPRZEZENIA STANU BLONOWEGO
WYSTEPUJACEGO W LAMINATACH WLOKNISTYCH
NA ZACHOWANIE POKRYTYCZNE SCISKANEGO SLUPA
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Laminaty wiokniste to kompozyty zbudowane z dtugich widkien wzmacniajacych
oraz osnowy. W ogoélnym przypadku widkniste warstwy laminatu moga by¢ utozone
w dowolny sposob. Stosujac klasyczng teori¢ laminowanych ptyt zalezno$ci pomigdzy
sitami wewnetrznymi N, M, a odksztalceniami blonowymi & oraz krzywizny k mozna
zapisaé w ogolnej postaci macierzowej [1]:

N [A BT (e

MM ®
Macierz A opisuje stan blonowy, macierz D - stan zgigciowy, za§ macierz B -
sprzgzenia zachodzace pomiedzy stanem blonowym oraz zgieciowym. Znane sa takie
ulozenia warstw laminatu np. [60/-60,/05/60,/0/-60/60,/-604/0,/60]t [2], Ze mozliwe jest
pelne rozprzezenie stanu blonowego oraz zgieciowego (tzw. niesprz¢zony laminat).
Dla laminatow o dowolnym ukladzie warstw zachodza rozne przypadki sprzezen [1-3].
Ze wzgledow praktycznych szczegolnie interesujacy jest przypadek sprzezenia stanu

btonowego, 0 ktorym decydujg niezerowe wyrazy Ajg Oraz A,y macierzy A:
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Jezeli Ajg=A=0 to stany: blonowy oraz zgicciowy sa niesprzezone. W przeciwnym
przypadku wystepuje sprzgzenie btonowe. Laminaty ze sprz¢zeniem btonowym mozna
wytwarza¢ nowoczesnymi technologiami (technologig autoklawowa) w podwyzszonych
temperaturach, poniewaz wytworzone elementy nie ulegaja paczeniu w procesie
chtodzenia. Nie ma wigc koniecznosci korekty wynikajacej z dylatacji termicznej.
Przyktadem laminatu wykazujacego sprz¢zenie stanu blonowego moze by¢ laminat
0 uktadzie warstw: [45/0/-45/45/-455/(0/-45)3/45,/-45/]1 [2].

Szczegdtowe obliczenia przeprowadzono dla slupa o przekroju kwadratowym
0 wymiarach 250 mm oraz dtugosci 2000 mm, swobodnie podpartego na obu koncach.
Przyjeto, ze shup wykonano z wielowarstwowego kompozytu [IM7/8552 o

1
|
|

Sym . Sym . D J
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wilasciwosciach mechanicznych: E;=161 GPa, E,=11.38 GPa, G;,=5.17 GPa, v;,=0.38 [2]
oraz grubosci warstwy 0.14 mm. Jako przypadek referencyjny (Wariant 1) przyjeto
laminat niesprzezony o ukladzie 18 warstw: [60/-60,/05/60,/0/-60/60,/-603/0,/60]+.
Laminat wykazujacy sprzgzenie blonowe to [45/0/-45/45/-455/(0/-45)3/45,/-45/+
(Wariant 2). Ugiecia wstgpne wynosza: W,=0.25 mm. Dodatkowo przedstawiono wyniki
dla shupa izotropowego (Wariant 3), przyjmujac stale materialowe: E;=161GPa, v1,=0.38.

® Wariant1 * Wariant2 — Wariant 3 o Wariant1 = Wariant2 — Wariant 3
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Rys. 1. Stan krytyczny (a) oraz pokrytyczna $ciezka (b) dla analizowanego stupa

Z analizy stanu krytycznego wynika, Ze najnizsze naprezenia krytyczne oy
odpowiadajace wyboczeniu lokalnemu dla stupa wykonanego z kompozytu wykazujacego
efekt sprzezenia (Wariant 2 - Rys. la) wynosza: 26.8 MPa dla m=7, za$ dla stupa
referencyjnego (Wariant 1 - Rys. 1a) odpowiednie naprezenia wynosza 23,1 MPa dla m=8.
W przypadku stupa izotropowego otrzymano odpowiednio: 45.1 MPa dla m=8.
Obserwujemy zaréwno roznicg ilosciows jak i jako§ciowa wynikajaca ze zmiany dtugosci
potfali wyboczenia. Pokrytyczne zachowanie dla analizowanych wariantow przedstawiono
na Rys. 1b, gdzie ¢ - naprezenie $ciskajace, W - ugigcie oraz t - grubo$¢ laminatu.
Wszystkie wyznaczone $ciezki pokrytyczne sg stateczne oraz symetryczne.

Praca zostata dofinansowana ze srodkéw Narodowego Centrum Nauki przyznanych na
podstawie decyzji numer DEC-2013/11/B/ST8/04358.
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POST-CRITICAL DEFORMATION STATES OF COMPOSITE
THIN-WALLED AIRCRAFT LOAD-BEARING STRUCTURES
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1. INTRODUCTION

The study presents results of experimental examination of a model representing a
fragment of an aircraft wing structure with skin made of glass fibre/epoxy composite. For
such system, the deformation pattern has been found and the representative equilibrium
path determined. The finite element method was used to develop corresponding
numerical model correctness of which has been then verified by comparing the obtained
results with the course of relevant experiment. Conformity of the results allowed to
determine usefulness of the applied methods to assessment of mechanical properties of
modified solutions involving integral skin stiffening elements.

2. EXPERIMENTAL RESEARCH.

The subject of the analysis was a fragment of a monospar wing structure with
constant chord along the whole span and stiffened front torsion box (Fig. 1).

355/7,,”

Fig. 1. An overall outline of the examined structure

Three different variants of the structure were considered and compared. First,
exactly corresponding to outline presented on figure 1, second, reference structure
without two ribs in the central area and third, containing integral stiffeners instead of
mentioned ribs.
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The skeleton portion of the model used in the experiment was made of plywood and
wooden slats with known mechanical parameters. The skin was an epoxy composite
reinforced with glass fibre (GFRP). In the course of experiment, the model was subjected
to simultaneous bending and torsional deflection (Fig. 2) on a specially constructed
experimental set-up. The deformations of the structure were obtained by means of optical
scanner ATOS.

Fig. 2. An outline of model fastening and load application (left) and model
deformations determined by means of ATOS scanner (right)

3. NUMERICAL CALCULATIONS

As the result of nonlinear numerical analyses using MSC MARC software, the replacement
and effective stress distributions were obtained (Fig. 3)

detousht_Fringe
M 3024000 @ Nd 1024
Min 363019 @Nd 3778

detat | : i
Macx 3.02+000 @Nd 1024 Max3.02+000 @Nd 102

Fig. 3 Resultant displacement distribution (left) and reduced stress distributions
according to omax hypothesis (in MPa) (right)
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POST-CRITICAL DEFORMATION STATES OF THIN-WALLED
SEMI-MONOCOQUE AIRCRAFT LOAD-BEARING STRUCTURE
WITH LARGE OPENING
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1. INTRODUCTION

The study presents results of experimental examination of a model representing a
fragment of an aircraft structure, weakened by a large opening. The main goal of the
research constituted the determination of the influence of the skeleton variant on critical
load and post-critical deformations pattern of the skin. The deformation patterns have
been obtained using optical scanner and the representative equilibrium paths were
determined. The finite element method was used to develop corresponding numerical
model correctness of which has been then verified by comparing the obtained results with
the course of relevant experiment. Conformity of the results allowed to use obtained
numerical models to try out the influence of some skeleton modifications on post-critical
properties of the structure.

2. EXPERIMENTAL RESEARCH.
The subject of the analysis was a fragment of typical structure with large opening,

which corresponds to a part of an aircraft fuselage or a helicopter tail rotor beam. In the
course of experiment, the model was subjected to torsion by means of special stand (Fig. 1).

Fig. 1. Experimental stand with fixed model
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Two different variants of the structure, with different thickness of the opening
frames were considered and compared. The change of the frame thickness result in the
different pattern of post-critical deformations of the skin. The deformations of the
structure were obtained by means of optical scanner ATOS.

Fig. 2. Post-critical deformations of the model (left) and model deformations
determined by means of ATOS scanner (right)

3. NUMERICAL CALCULATIONS
As the result of nonlinear numerical analyses using MSC MARC software, the
replacement and effective stress distributions were obtained (Fig. 3). Verified numerical

models were a base to work out some modified solutions of the structure with different
forms of skeletons.

e 3
W
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Fig. 3. The pattern of post-critical displacements (left)
and resultant displacement distribution (in mm) (right)
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IMPACT BEHAVIOUR OF SPOT-WELDED
THIN-WALLED FRUSTA
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1. INTRODUCTION

Dynamic response of structures in the plastic range is a significant problem in the
case of energy absorbers. Such a structural member converts totally or partially the
kinetic energy into another form of energy. One of the possible design solutions is the
conversion of the kinetic energy of impact into the energy of plastic deformation of a
thin-walled metallic structural member. There are numerous types of energy absorbers of
that kind cited in the literature. Among others, there are compressed thin-walled frusta
(truncated circular cones or prisms) [1], currently used as impact attenuation members in
car structures. A designer of any impact attenuation device must meet two main
requirements. The initial collapse load must not be too high in order to avoid
unacceptably high impact velocities of the vehicle. On the other extreme, the main
requirement is a possibly highest energy dissipation capacity, which may not be achieved
if the collapse load of the impact device is too low. The shape of the thin-walled member
and the manufacturing technology (e.g. spot welding) influence substantially quantities
mentioned above. There are very few fragmented information about an influence of spot
welding on the crushing behavior of thin-walled members subjected to axial impact [2].
In the paper the results of the parametric study into the energy absorption capacity,
ultimate load and mean crushing load of thin-walled prismatic frusta subjected to axial
impact compressive force are presented. Particularly, the influence of a diameter and
number of spot welds was investigated as well as preliminary parametric analysis into an
optimal angle of inclination of the frustum wall was performed.
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Fig. 1. Numerical results a) - energy absorption versus wall inclination angle
(8 spot welds of diameter d = 8 [mm]) - b) - numerical model
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2. NUMERICAL ANALYSIS

The subject of investigation was a thin-walled prismatic frustum on square
foundation shown in Fig.1, under axial dynamic compressive force. The numerical
explicit dynamic analysis of crushing behaviour of the frustum was carried out using FE
commercial code ABAQUS. An FE model of the frustum (Fig. 1b) was created using
4-node shell elements S4R. A column model situated between two rigid elements R3D4.
Between upper and lower rigid elements and the column Tie links were applied. The rate-
dependent material elasto-plastic model, taking into account the strain rate and strain
hardening has been applied. Material parameters were determined in tensile and
compressive tests. It was steel Dual Phase DP 800, with main parameters: E= 210 GPa,
Re= 590 MPa. There, calibration of the material model was carried out using ABAQUS
program [3]. The spot welds were modelled using the rigid beam elements, situated
between two overlapping column surfaces.

3. RESULTS OF ANALYSIS AND FINAL REMARKS

Results of preliminary analysis showed that the diameter and number of spot welds
had a minor influence on the crushing behaviour of examined frusta.

The further analysis was focused on the parametric study into an optimal angle of
frustum wall inclination with respect to the energy absorbed. The results show the
optimum of magnitude about 5° (Fig. 1) for the examined wall thickness. The ultimate
load decreases linearly with the increase of the angle of inclination. The research
presented in the paper is a part of a wider project. Further investigation will be continued
into an experimental validation of theoretical results.
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1. INTRODUCTION

Fiber Metal Laminates (FMLSs) are hybrid materials, built from thin layers of metal
alloy and fiber reinforced epoxy resin. These materials are manufactured by bonding
composite plies to metal ones. FMLs, with respect to metal layers, can be divided into
FMLs based on aluminum alloys (ARALL reinforced with aramid fibers, GLARE - glass
fibers, CARALL - carbon fibers) and others. Nowadays material such as GLARE (glass
fiber/aluminum) due to their very good fatigue and strength characteristics combined
with the low density find increasing use in aircraft industry [1].

When the plate structures made of GLARE subject to in-plane uniform compression
in the elasto-plastic range of stresses, the buckling occurs in such a way that aluminum
layers become plastic but the glass layers remain elastic. Therefore the behavior of such
structures differs significantly from the behavior of pure aluminum ones.

2. SUBJECT OF CONSIDERATION

A prismatic thin-walled structure built of FML plates connected along longitudinal
edges has been considered (Fig. 1). The structure is simply supported at its ends. In order
to account for all modes of global, local and coupled buckling, a plate model of thin-
walled structure has been applied. It is also assumed that both component materials

the structure is made of obey Hooke’s law.
3. METHOD OF SOLUTION

The problem of inelastic buckling is examined using the analytical-numerical
method elaborated for the analysis of the elastic stability of multi-layered thin-walled
columns [2]. The layers can be isotropic or orthotropic. Determination of buckling
stresses and buckling modes of thin-walled plate structures in the elastic plastic range
requires the material characteristic to be known for a material under consideration. In
case of aluminum it can be described in an analytical way by Ramberg-Osgood formula
or Needleman-Tvergaard relation [2]. The relationships between stress and strain for a
component elasto-plastic layer are derived on the basis of the J,-deformation theory of
plasticity and/or J,-flow theory (incremental theory). On the other side the same relations
are written for an orthotropic elastic layer. Comparing the appropriate coefficients in both
relations the instantaneous “conventional” parameters of orthotropy can be found out.
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Fig. 1. Cross-sections of analysed columns

The columns are built of rectangular flat plates. The material is GLARE 3 [1] with
an even number of glass reinforced layers, the outer layers are always aluminum. The
overall laminate is symmetric. The dimensions of structures are chosen in such a way that
the stability loss occurs in the elastic-plastic range for aluminum layers.

4. SOME RESULTS OF CALCULATIONS
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Fig. 2. Buckling stress versus number of half-waves m for symmetry and antisymmetry conditions
imposed along cross-section symmetry axis (c,-aluminum yield limit, o, -proportional limit)

In Fig. 2 the calculation results for a column of a channel cross-section are shown.
The calculations are based on J, deformation theory and Ramberg-Osgood relation.
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NUMERICAL BUCKLING SOLUTIONS OF CYLINDRICAL
SHELLS WITH ONE TRANSVERSAL CUT UNDER DIFFERENT
CONDITIONS OF AXIAL COMPRESSION

V.L. KRASOVSKY, O.V. LYKHACHOVA
Department of Structural Mechanics and Strength of Materials
Prydniprovs’ka State Academy of Civil Engineering and Architecture
Chernyshevskogo 24a, 49-600 Dnepropetrovsk, Ukraine

Within a unified finite-element approach, the numerical buckling analysis of axially
compressed elastic cylindrical shells with one transversal cut is realized in ANSYS
software. The research studies two buckling solutions: 1) geometrically linear buckling
solution for the definition of eigenvalues N'; 2) geometrically nonlinear stress-strain state
solution for the evaluation of buckling loads N"™. Simulations have been performed for 5
loading schemes (Fig. 1) which represent the loading nature (force loading - schemes 1,
3, 5 or kinematical loading - schemes 2, 4) and three different conditions of applying an
axial compression (with out-of-plane edge rotation - schemes 1, 2; with parallel edge
displacement - schemes 3, 4; with out-of-plane edge displacements - scheme 5).

scheme 1 scheme 2 scheme 3 scheme 4 scheme 5
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Fig. 1. Loading schemes (in buckling moment)
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The numerical investigation has been carried out on 3-D FE models of elastic
orthotropic shells of the following mechanical and geometrical characteristics: modulus of
elasticity Ex = 6.9 MPa, E, = 3.45 MPa (x matches with the generatrix, y corresponds to the
circumferential direction); shear modulus G = 1.92 MPa; Poisson’s ratio v = 0.3, v, = 0.15;
radius R =50 mm, length L =100 mm, thickness h =0.23 mm (L/R = 2.0, R/h = 217); cut
length 1 =0, 8, 16, 30, 60, 80 mm (I corresponds to an angle y =0, 9°.2, 18°.3, 34°.4, 68°.8,
91°.7); longitudinal size of the cut a =2 mm. For the loading schemes 1, 2, 3, FE models
contain isotropic elastic models of the two rigid cylindrical disks (E=2x10% Pa, v=0.3;
R =50 mm, H =3 mm). FE meshes of the shells and rigid disks are created by standard
elements SHELL181 and SOLID185, respectively. The total number of elements varies
between 33500 and 36700, including shell FE between 12800 and 16000 depending on 1.
Longitudinal displacements of models are fixed in the middle section of the shell height.
Radial and tangent displacements are restricted on the external surfaces of rigid disks
(schemes 1, 2, 3) and on the edges of the shells (schemes 3, 4, 5). An axial compression is
applied as longitudinal concentrated forces (schemes 1, 3) or displacements (scheme 2) to
the external surfaces of rigid disks and as uniform longitudinal forces or displacements
(schemes 4 and 5, respectively) distributed on the edges.
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General features of linear and geometrically nonlinear buckling solutions are
presented in Fig. 2 as the dependences “N'-1” for 5 loading schemes. Here,
N'=N'/N® ;N = 22N 2/,/3(1— v?) s the critical axial compressive force found for
an isotropic shell with parameters £ = 5.175 MPa, v = 0.225. N are lower than N in
all cases, except small cuts (y>18°). For y<18° linear solutions are close for the schemes
1-4. When y=18° N" reaches values of (0.46-0.49) N © . Then linear solutions diverge,
and if y =91°.7 bifurcation buckling loads are 0.22, 0. 35, 0 41, 0.53 N respectively for
the schemes 1-4. For the scheme 5 the dependence “N" -1”is rather different. It ||"§] a
smooth descending curve which falls to 0.022 N ¢ for y:91° 7. The dependence “ -
I for the scheme 5 5 is similar but for the schemes 1-4 these curves are more compllcated
A sharp drop of N " is replaced by a rather intensive increase with a following SiTOOth
decrease of buckllng loads. Note that the loading nature has almost no effecton N . At
the same time N found for the schemes 3, 4 are much more higher than N found
for the schemes 1, 2.

Nﬁm

N_r cr

0.8 —

0.6 0.6 I
0.4 0.4 - ——y
0.2 0.2 =
o RS S o
0 10 20 30 40 50 60 I, mm 0 10 20 30 40 50 60 1, mm
0 11.5 23 34.5 46 575 69 1 ° 0 11.5 23 345 16 575 69 1
.O.
-« scheme 1 <-4~ scheme 2 0= scheme 3 2 scheme 4 ~%- scheme 5
Fig. 2. Dependences “ N — 1  for different loading schemes
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INFLUENCE OF EDGES REINFORCMENT OF LONGITUDINAL
COMPRESSED CYLINDRICAL SHELL ON ITS BEHAVIOUR AT
LOCAL CROSS-SECTION IMPACT

V.L. KRASOVSKY, V.A. MARCHENKO
Department of Building Mechanics and Strength of Materials, Prydneprovsk State
Academy of Civil Engineering and Architecture
Chernyshevsky 49a, 49000 Dnepropetrovsk, Ukraine

It is known [1, 2], that character and conditions of application of the basic loading (Fig.
1) influence the feature of behavior of longitudinal compressed cylindrical shells at cross-
section local impacts (LQI). To the full these features are shown at typical kinematic LQI with
bilateral connection of a shell and an impact. At such impacts the basic axial compressing
loading (force N, ) in the beginning is set, then - consistently increasing radial moving (W )

is set, thus is traced reaction of a shell to cross-section influence (Q ).

- —=o

Fig. 1. Loading scheme

The purpose of this research consist in studying of influence on behavior at LQI
longitudinal compressed shell of a reinforcement of its edges face rings. The core loading
of a shell was carried out under the scheme 5 [1, 2], that corresponds to the appendix on its
end faces of in regular intervals distributed longitudinal compressing efforts. Thus radial
displacements of edge are limited but the exit of end faces from a plane is possible.

Designations: relative axial force N, = N/N® ; parameter of kinematic influence

W =W /h ; parameter of reaction of a shell to influence & = Q(R/h)*®/(Eh?); R, h -
radius and thickness of an shell; E, x - Young modulus and Poisson ratio of material;

N - classical value of critical axial force N = 2zEh? /[3@ - £ %)]°°.

Research was made using program complex ANSYS. Shells were modeled by finite
elements SHELL281, frames - BEAM189. Geometry of shells: 2R=86 mm; h=0.271 mm
(R/h=160); length L/R=2.0. Frames of square cross-section incorporated to a shell
without eccentricity. The size of section changed from 6 mm up to 12 mm with a step of
2 mm. A material of shells and frames - steel X18H9u (E=195 GPa; x =0.3).

Results of numerical research are presented in Fig. 2, a by a family of dependences «
a-W »at N, =0.4N" which to the full reflect behavior is longitudinal compressed
shells at considered LQI. Here, the curve 1 answers the core loading shells under the
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scheme 1 (power axial compression with free turn of a plane of round end faces [1, 2]), a
curve 7 - loading of a shell under the scheme 5. Curves 2, 3, 4, 5, 6 correspond to shells
with the party of a frame 12, 10, 8, 7.5, 6 mm, accordingly. Dependences « o —W » for
the shells loaded under the scheme 5 and 1 at various values of N, are presented in Fig.
2b,c.
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Fig. 2. Dependences « & —W »

The resulted dependences, first of all, expand representation about influence of
conditions of fastening of edges on behavior of longitudinal compressed shells at LQI. In
this case the received curves «« —W » reflect possible in practice transitive situations
from initial conditions of fastening of edges of a shell under the scheme 5 to the scheme
1. Besides they expand representation about the mechanism of buckling of real shells. In
particular, specify existence for a shell with the supported edges steady supercritical
forms with one dent. In this case it means, that for the investigated shells equipped by
face frames of square section with the side of 7.5 mm, loaded under the scheme 5,
equally effective loadings which makes N, = 0.4N“ represents the bottom local critical
force N, (at which probably existence steady supercritical forms with one local dent). It
is necessary to note, that at the core loading researched shells under the scheme 1 size
N, =0.487 . The amplitude of subcritical dent thus makes w = 4.47 (fig.1,c). In this
case at the bottom local critical force N, = 0.4 amplitude of a local dent makes W ~ 9.
Character of curve 5 shows, that, basically, for a shell with face frames it is possible to
receive values N, which less the than received size N, = 0.4, however their realization
is possible only at greater amplitudes of movings.
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UKR/1070297.
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CORNER RADIUS EFFECT IN THIN-WALLED SQUARE
SECTION COLUMNS ON THE LOCAL BUCKLING OF WALLS
UNDER AXIAL COMPRESSION

M. KROLAK, R. MANIA, M. KAMOCKA
Department of Strength of Materials, Lodz University of Technology
Stefanowskiego 1/15, 90-924 ¥.6dz, Poland

1. INTRODUCTION
During axial-compression of thin-walled square section steel columns, we can
determine the local buckling critical stress from the formula valid for a long uniformly-

compressed rectangular plate simply supported at all edges (1) [1]:

2

D E Ot
T (—] (1)

where: E is Young modulus of column material, v Poisson’s ratio, b, - single wall width
of square column or rectangular plate, t - wall thickness (or plate thickness). For typical
girder design the critical stress values of local buckling are very small in comparison to
the structural steel yield point. Then the mechanical strength properties of applied
material couldn’t be fully used in considered columns [3].

< b

_F

b, ; | |bB=b+2r

t=const. | [/

—

Fig. 1. Square section column cross section with corner radius

2. THE FORMULATION OF PROBLEM

We consider a thin-walled square section columns with corner radius, as it is shown
in Fig. 1. The local buckling of thin-walled columns under axial compression with radius
corner (r # 0) and without radius corner (r = 0, b = by) is analysed. The wall thickness
and cross-section area of all columns are the same, then the relationship can be
established:

b= bo—;r (2)
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For given data: I, by, t, E, v and assumed radius corner r, using the formula (2), one
can calculate the width b of a flat part of column wall with assumed radius corner. In the
case when b = 0, we obtain a cylindrical shell with a total radius r, = 2/z -b, = 0.63662 .

3. RESULTS of CALCULATIONS

The computations of local buckling critical stresses of considered thin-walled square
section column with radius corner, exposed to axial compression, were performed with
application of the finite element method software ANSYS. The exemplary, detailed
computations were executed for the following data: the wall column width without radius
corner by =1 m; column height | =3by =3 m; the flat wall elements width b = b(r);
considered wall width: t = 1, 2, 4 mm; Young modulus for steel columns E =200 GPa;
Poisson’s ratio v = 0.3. The results are shown in Fig. 2.
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Fig. 2. Corner radius-critical stresses curve
4. COCLUSIONS

From the performed computations and exemplary diagram one can simply conclude
that for compressed columns made of the same material with the same boundary
conditions, the local buckling stress of walls increases with the increase of radius corner
value. It leads also to increase of the ultimate load of considered columns. Introduction of
even small radius corner is a design tool to control a local buckling stress value and
effective strength utilization of column material.
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BUCKLING OF STEPPED BEAMS
RESTING ON AN ELASTIC FOUNDATION

K. KULINSKI, J. PRZYBYLSKI
Faculty of Mechanical Engineering and Computer Science
Czestochowa University of Technology
Armii Krajowej 21, 42-201 Czestochowa, Poland

1. INTRODUCTION

The stability of beams under compressive load with different ends support, stepped
cross-section and resting on elastic foundations has been the subject of interest by many
researchers. In terms of Winkler foundation, reaction forces are proportional to the
deflection of a beam at any point and the foundation characteristics are modeled by using
the system of fixed linear springs. The constant of proportionality of these springs is
known as the subgrade modulus. For the problem description both classical mathematical
methods and finite element analysis have been used.

2. PROBLEM FORMULATION

In this paper the influence of structural parameters of the beam with two ends fixed
resting on Winkler foundation on its buckling critical force has been discussed. The
change in the beam’s cross-section results from two piezoceramic plates perfectly bonded
at top and bottom surfaces of the beam, where the adhesive layer connecting mentioned
elements is treated as negligible. The influence of piezoelectric stimulation on buckling
load has also been discussed.

Segment I  Segment I  Segment 111

| 2
|
W, (x;) T Wr(x,) } Wiix3) 7
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Fig. 1. Scheme of the analyzed beam under prescribed axial end displacement

For the performed analysis there have been adopted five different supports of beam
ends which prevent their longitudinal displacements. The considered beams have:
— both ends pinned,
— both ends fixed,
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— one end fixed, the other one pinned,

— one end fixed, the second one fixed with ability to slide in direction perpendicular
to the longitudinal axis of the beam (guided support),

— one end pinned, the second one fixed with ability to slide in direction
perpendicular to the longitudinal axis of the beam (guided support).

For the general mathematical formulation of the problem, the energy method has
been applied. When a function, which is the solution of the governing equation, is
substituted into boundary conditions one obtains a set of linear homogeneous equations
with respect to integration constants. Equating to zero the determinant of matrix
consisting unknown integration coefficients, the transcendental equation is obtained.
Finally, after numerical solution of this equation, the critical force can be found for any
given buckling shape of the beam. A number of calculations with different geometrical
parameters of the beam and piezoceramic patches have been performed to show an
influence of those parameters on the critical force.

Applying the electric field to piezoceramics, dependently on the electric field vector
direction, the longitudinal compressive or stretching force can be induced. The value of
this force is determined by the applied voltage, the relationship between piezoceramics
length to the beam length as well as the relationship between piezosegment axial stiffness
to the beam stiffness. The range of the critical buckling force modifications by the
mentioned force has also been studied in this paper.

After analysis of the obtained numerical results one can be stated that both the
higher system stiffness and the higher value representing foundation stiffness parameter
result in the greater values of the system critical load. Moreover, a significant influence
on the buckling force have both the piezosegment localization and the generated
piezoelectric force.

Obtained results of the critical bucking forces for different types of beam end
supports, different values of Winkler elastic foundation coefficient and piezoceramic
plates have been compared with those presented in [1]. Results concerning controllability
of the critical buckling load by the residual force have been compared with [2]. In both
cases, obtained results show a good agreement.
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LOAD CAPACITY OF COLD-FORMED COLUMN MEMBERS OF
LIPPED CHANNEL SECTION WITH PERFORATIONS OF
DIFFERENT ARRANGEMENTS SUBJECTED TO
COMPRESSION LOADING

M.P. KULATUNGA
School of Engineering & Built Environment, Glasgow Caledonian University
Glasgow, UK

M. MACDONALD
School of Engineering & Built Environment, Glasgow Caledonian University
Glasgow, UK

1. ABSTRACT

This paper describes the results obtained from experimental, numerical, and
theoretical investigations into the load capacity of column members of lipped channel
cross-section with perforations of different arrangements subjected to compression
loading. Most of structural cold-formed steel members are typically manufactured with
pre-punched perforations to accommodate, for example, electrical, plumbing and heating
services. Due to the position, orientation and the shape of perforations, the elastic
stiffness and ultimate strength of a structural member can be vary. The buckling
behaviour of cold-formed steel structural members with lipped channel cross-section
were used as columns, with perforations of different shapes studied and comparisons of
the finite element results and the test results are also made with existing design
specifications and conclusions are drawn on the basis of the comparisons.

2. INTRODUCTION

Cold-formed steel sections are widely used in storage racks, building structures,
transportation machineries, domestic equipment, and other applications. The uses of cold-
formed steel products are many and varied due to various characteristics such as their
high strength-to-weight ratio, reliability and accuracy of profile, and ease of manufacture
[1]. The behaviour of a structural member with perforations can vary with perforation
size, position, shape and number of perforations and can limit the advantages of these
structures [2], [3]. Hence, these can make the design and analysis of these members more
complex.

3. NUMERICAL AND EXPERIMENTAL INVESTIGATIONS

The numerical results presented have been determined through the non-linear
buckling analysis of column members of lipped channel cross-section with perforations
using ANSYS finite element modelling software. In this study, a set of specimens of the
same cross-section but with different perforation positions was tested as shown in Fig. 1.
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Column lengths were kept constant, with perforations located at the mid-height of the
column. Five cold-formed steel columns were tested to failure with fixed-fixed end
conditions. Tensile tests of the lipped channel column materials were also carried out to
determine the material properties.
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Fig. 1. (1) Perforation shapes and positions & (2) Fixed-end fixture
4. CONCLUSION

The ultimate strength of cold-formed steel lipped channel sections with perforations
under pure compressive loading was shown to be accurately predicted by the Finite
Element Analysis. As noticed during the experimental investigation, the presence of
slotted holes on the web reduced the axial stiffness and also it can be clearly seen that a
higher reduction in axial stiffness can be observed when the perforations are located near
to the corners. The buckling investigation conducted has proven that the cold worked flat
portions of the cross-section have lower yield strength compared to the corners. The FEA
model in conjunction with the modifications proposed to the buckling design
recommendations studied in this research work, and, based on the parametric study
findings, this enables engineering judgements to be made before manufacturing the final
product.
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BUCKLING AND VIBRATIONS OF SEVEN-LAYER BEAMS
WITH CROSSWISE CORRUGATED MAIN CORE

E. MAGNUCKA-BLANDZI, Z. WALCZAK
Institute of Mathematics, Poznan University of Technology
Piotrowo 3A, 60-965 Poznan, Poland

1. INTRODUCTION

Currently, layered structures are very common and used in many industries. Many
articles are devoted to them. Theoretical base for thin-walled sandwich beams is
presented in [1]. We refer the readers also to [2]. Carrera in the paper [2] formulated the
zig-zag hypotheses for multilayered plates. Magnucki et al. [4] presented analytical and
numerical (FEM) calculations as well as experimental verification of the obtained results
devoted to a sandwich beam with a crosswise or lengthwise corrugated core. The
considered beam was made of an aluminum alloy. The plane faces (outer layers) and the
corrugated core were glued together. The present work was inspired also by the results
obtained in the paper [3].

The subject of the study is one orthotropic thin-walled sandwich beam with
trapezoidal core and three-layer facings. The outer layers of facings are flat, but inner
layers are trapezoidal corrugated - in perpendicular direction to the corrugation of the
main core. The beam is with crosswise corrugated main core and lengthwise corrugated
inner layers of facings (Fig. 1). Metal of the flat or corrugated sheets is isotropic.

Fig. 1. Scheme of the beam with crosswise corrugated main core

The mathematical and physical model of this beam is formulated, which contains
the hypothesis of deformation of the cross section, including the displacement and strain
fields, and rigidities of the layers in particular directions.

2. ANALITICAL STUDIES

The analytical study includes formulation of mathematical model, the crucial parts
of which are: the hypotheses related to deformation of the cross section of the beam, the
description of displacement and stress fields for particular layers, formulation of
equations of motion, and their solution.
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The field of displacements of the cross section of the beam, strains and stresses are
defined as follows:

e the outer sheets

dw d’w d¢
v(y,z)=-t,| {—xXx0(Y) |, &, =-t,|{—*x,— |, r,=0,0, =Ee¢ ,
dy dy dy

o the lengthwise corrugated cores of faces

|

Ve =00, o, =ElP o, =6 EP4(y),

e the inner sheets

dw d2w ~0 “E
v(y,z):ftclg’a,gy=—tclé—dy2 7y =0, 0,=E&,,

o the crosswise corrugated main core
dw 2w
(c1)
v(y,2)=-tyl—, e, =-tyl—,7,=0,0,=E: "¢,
cl dy y cl dyz ¥z y y y

where ¢(y) =v,(y)/t,, - dimensionless function, ¢ =z/t,, - dimensionless coordinate,
x =t /t,, x, =t,/t, - dimensionless parameters.

Based on Hamilton’s principle the equations of motion are derived for the
considered beam and their analytical solutions are given. The detailed calculations have
been realised for the simply supported beam subjected to axial compression. The critical
load is calculated, and the natural frequency of the beam.
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POST-BUCKLING ANALYSIS OF CORRUGATED SHELL
UNDER EXTERNAL PRESSURE AND CONCENTRATED LOADS

M. MALINOWSKI
Faculty of Mechanical Engineering, University of Zielona Géra, Poland
Szafrana 4, 65-516 Zielona Gora, Poland

1. INTRODUCTION

Shell structures, in particular vessels or retort furnaces are widely used for storing
loose materials, liquid or are used for the heat treating process. In these thin-walled
structures pre-buckling, buckling state and post-buckling conditions play a major role in
design process and should be precisely analyzed. The retort of furnace usually is a
circular cylindrical shell with smooth wall and is made of stainless steel. An alternative
method of increasing the shell stiffness and general instability resistance of the
cylindrical shell is the introduction of corrugations. The buckling and vibration of
corrugated composite cylinder is presented by Ross and Little [1, 2]. The elastic buckling
of pressure vessels with ellipsoidal heads was analyzed by Magnucki [3].

In this paper an analysis of corrugated shell based on the non-linear procedure is
presented. The equilibrium paths for elastic and elastic-plastic mechanical properties
were plotted. The results of the analyses were obtained with the use of ANSYS system.

2. BASIC ASSUMPTION

A corrugated shell proposed in the paper consists of an ellipsoidal head and a flange
and is simply supported to head wall and the bottom part of the shell. The main
dimensions of the shell are presented in Fig. 1. The shell is restrained on the flange and
subjected to external pressure p and concentrated loads F; at temperature T=350°C.
Mechanical properties of material: Young’s modulus E=191GPa, Poisson’s ratio v=0.3,
yield strength Ryo,=202MPa. The geometrical parameters: R=0.71m, L=1.8m, b=0.8m,
h.=0.015m, L.=0.08m, R,=0.018m, t=3, 4mm, t,=4, 5mm. Load capacity is £F=1200kg.

Fig. 1. Cylindrical corrugated shell with ellipsoidal head
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3. FEM ANALYSIS AND RESULTS

The FEM mesh of corrugated shell is created by element SHELL181. To start the
non-linear procedure based on the arc-length method small initial geometrical
imperfections have been introduced into the perfect model. The shape of imperfections
had the form of: a) only the first eigenmode; b) the first 10 eigenmodes. The maximum
deviation from the perfect structure was equal wo/t=1, 2. The analysis has been performed
to check the influence of elasticity and bilinear characteristic of material on stability.
Examples of equilibrium paths are shown in Fig. 2. The equilibrium paths are stable and
for two cases a shap-through phenomena is observed.

1,2
PG
1.0

08

]
06 The 1° eigenmode:

wO/t=1, elastic
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N\
\ wot=1, the 1° e\genmcde
wOt=1, elastic-plastic 04 \\wm 1, the 17 10 eigenmodes

\wGil-E, the 1° e\ganmcda

w0/t=2, elastic
02

WOIt=2, elastic-plastic wOit=2, the 1° 10 eigenmades

0.0 + + 00 :
00 2,0 40 8.0 80 Wolt 10,0 Ton 20 40 50 80 Wolt 100
a) b)
Fig. 2. Equilibrium paths of corrugated shell: elastic and elastic-plastic properties,
t=3mm, t,=4mm (a); elastic properties, t=4mm, t,=5mm (b)

4. CONCLUSIONS

Load is not axially symmetric and clearly affects the buckling shapes and has the
influence on stability in post-critical range. According to the results shown in the paper
the dimensionless pressure for non-linear (elastic-perfect plastic) and linear mechanical
properties are about 20-25 percent lower. The calculated deformations of the shell and
equilibrium paths with or without snap-through indicate a relatively high sensitivity of
the shell on the wall thickness, material model, and single or multimode imperfection
pattern.
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ON CRITICAL AND SUPERCRITICAL REGIMES OF
RESPONSE OF TIMOSHENKO BEAM ON ELASTIC
FOUNDATION TO MOVING LOAD

A. 1. MANEVICH, A. S. ZEMLICH

Department of Computational Mechanics and Strength of Materials
Dniepropetrovsk National University,
Gagarin av. 72, 49050 Dniepropetrovsk, Ukraine

The stationary response of a Timoshenko beam (TB) on the elastic foundation to a
moving load is studied with emphasis on critical velocities and features of supercritical
regimes. Investigations of dynamics of the TB on elastic foundation were carried out
beginning from 1950’s (S. H. Crandall, 1957, J. D. Achenbach and C. T. Sun, 1965, and
others) and have been summarized in [1], [2]. There has been shown that the responses
for infinite and semi-infinite beams at constant velocity of the load always approach
stationary running waves (“steady-state solutions”), and three critical (or characteristic)
values of velocity exist in TB (in distinction on a single critical velocity in classical
Euler-Bernoulli model), at which amplitudes of waves become unbounded (in case of
concentrated load). The first critical velocity corresponds to the minimal phase velocity

v, , two others relate to velocities of shear and longitudinal waves v_ and v, .

But complete analysis of all types of the beam responses in different ranges of
velocity, that depend on parameters of the beam and foundation, becomes rather
complicated for the TB, especially in supercritical cases (Fryba L. in [2, part 5, p. 23.2]
has distinguished 18 possible cases). In addition, this complex picture has not a
transparent physical interpretation.

The aim of this report is to show that the description of various response types in
entire range of the load velocity and understanding of the physical essence of the problem
are considerably simplified by analyzing dispersion curves (phase velocity - wave
number) for free waves and parametrical curves in plane of two parameters of the
characteristic biquadrate equation. It is shown that one should discern two types of
dispersion curves, depending on a normalized foundation stiffness parameter.

For the first type dispersion curves, relating to weak and moderate foundations,
three abovementioned critical velocities exist, and the minimal critical value rises with
increasing foundation stiffness. Four general cases of the beam response depending on

the load velocity (in intervals v<v,_, v, <v<v,, Vv <v<vVv, v>V,)and three
special cases (v=v,, v=V
can be predicted based on the dispersion relations.

In case of the second type dispersion curves (stiff foundation) the first value v,

v =, ) are possible. Peculiarities of these responses also

s

coincides with v_, so only two critical velocities remain, and they do not change at
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further increase of foundation stiffness. Three general cases of response (in intervals
V<V, V, <V<V, V>V )and two special cases (v =V_, v =V, )are possible.

On the whole, solutions for all the cases are defined by a few analytical expressions.

The parametrical curves in plane of two parameters of the characteristic equation
give additional possibilities for prediction of the sequence of regime changes with
increasing velocity.

The mapping between the characteristic velocities and supercritical regimes, from
one side, and shape of the dispersion relations and parametrical curves, from other side,
gives a clear understanding of the physical nature of the problem.
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EXPERIMENTAL BUCKLING TESTS
OF FML PROFILES

R.J. MANIA
Department of Strength of Materials, Lodz University of Technology
Stefanowskiego 1/15, 90-924 £.6dz, Poland

1. INTRODUCTION

For different structural members one can find different theoretical approach which
allow for considered structural member the strength, load carrying capacity or failure
conditions to determine. Each one of standing for application methods are based on some
assumptions and requirements. Therefore their applicability for specific structure element
requires some kind of validations. This should be achieved before the real structure
creation than in monitoring its behaviour in real loading conditions. For years an effective
way of comparison has been experimental testing of scaled or full dimension members
[3]. In the case of aircraft thin-walled structures this method is of special meaning
especially for loads which can be source of these elements buckling [4].

The subject of this research were thin-walled profiles made of Fiber Metal Laminate
material type, with 3-2 stacking sequences where 0.3 mm aluminium was of 2024 T3 lot
and composite layers were made of glass fiber reinforced epoxy resin (TVR 380 M12/R).
Each one of composite layers was created of two 0.26 mm prepreg plays of specific
orientation angle - equal or different, but always giving sequence symmetry with respect
to plate mid-plane, to avoid coupling effects. Considered profile shapes and overall
dimensions are given in Fig. 1. These dimensions correspond to fuselage stringer size and
fulfil thin-walled plate theory limits. Three specimens of each case of stacking were
manufactured. All specimens were subjected to axial uniform compression.

R\ OJ
"R o
e,

Fig. 1. Cross-section shapes and dimensions of tested profiles

2. FULL SCALE MODEL BUCKLING TEST PROCEDURE

The buckling experiments were carried on in the classical tensile test machine. It
was equipped with special supporting rigs with milled flat bottom groves allowing
freedom of rotation (Fig. 2), where profile loaded edges were constrained [4]. With two
pairs of back-to-back bonded strain gauges - one pair in the geometrical centre of the web
and one in the middle of flange edge, compressive and bending strains were measured.
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The deflection of these two locations were measured with two laser beam devices. All
data was registered for further processing.

a)

Fig. 2. Experimental test rig with measuring devices

There are many ‘widely used’ techniques for buckling load determinations based on
measured strains and/or deflections [2]. Some of them were applied in this research to
buckling load determination [4]. The exemplary results obtained with strain inversion
method are presented in Fig. 3 with reference to FEM computation results. The broader
comparison of all performed analysis with their mutual comparison, will be given during

the Symposium.
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Fig. 3. Buckling load determination with ‘strain inverse method’
an example of Z-shape profile investigation
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MAXIMUM ELASTIC BUCKLING RESISTANCE
OF COLUMNS OF CONSTANT VOLUME

J. MARCINOWSKI
Institute of Building Engineering, University of Zielona Goéra
Szafrana 1, 65-516 Zielona Gora, Poland

J. L. Lagrange (1770) was probable the first scientist who attempted to determine
the optimum shape of a compressed column with respect to the stability criterion.
Clausen (1853) confirmed that a “bellied” column is the strongest. A. Volmir mentions in
his monograph some works of Soviet scientists from late fifties of XX-th century and
presents an interesting solution. Also today many investigators study the mechanical
behaviour of columns looking for its optimal shape.

In this paper, the optimal column was defined as the strongest, elastic column of a
given length and volume which can carry the highest axial load without buckling. Pin-
ended columns loaded by the force applied at the movable end are considered. Shape of
the column which is a solid of revolution is defined by the function r(x) defining the
current radius of circular cross section. The solid, cylindrical column of the constant
radius ro and the length L is treated as the starting point of the optimisation procedure

leading to the strongest column. It was assumed that the initial volume v, = zr’ L
remains constant, it means that some portion of material can be shifted to the other
location in such a way that the column will remain the solid body of revolution.

Due to the symmetry of the problem, it was assumed that all considered functions
r(x) are symmetric with respect to the section x = L/2 (comp. Fig.1).

P

§>t” . o T, }_

L “is

Fig. 1. The compressed column

In the problem defined above, the searched profile curve defining the shape of the
column being the solid of revolution depends on two variable parameters C; and C,. One
can express this fact writing the profile function in general form like this:
r(x) = r(x; Cy, C,). The first parameter is determined from the condition that volume
remains constant. This condition can be expressed in the following form

[r(x;Cl,Cz)]zdx:rozL Q)

o —

As a result the only one variable parameter remains because from (1) the parameter
C, can be expressed by C;. In this stage of the analysis the parameter C, is the single,
variable parameter of the problem.
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To find the parameter C; defining the searched optimal column’s shape the
energetic criterion of the column’s stability was exploited. The Rayleigh quotient in the
following form was used

g , )
2
AW

7+ [rsep]”

in which w, is the buckling mode function adopted in the form of the single half wave
sinus. Solving this equation for the whole possible range of the parameter C, one can find
the particular value corresponding to the highest value of P. In such a way the profile
curve r°®(x) of optimal column was obtained.

The value of P obtained from Egn. (2) is approximate and its exact value was
determined on the basis of two differential equations of stability of pin-ended column.
The first one adopts the form

E%[rOp‘(x)]Aw"(x)+ PIw(x)+ f(x)] =0, 3)

in which E - the Young’s modulus, w(x) - the searched buckling function, f(x) - the
function defining the initial imperfection, and P - the axial force. The function f(x) was
adopted as the single half wave sinus with very small amplitude. This differential
equation was solved numerically for different values of P. The searched critical force was
obtained as the value of P causing the significant (let us say L/10) deflection w(x).

The other differential equation used to determination of the exact value of Py, was
the following

E%[ropt(x)][lw”(x)Jr Pw(x)+M =0 4

in which M - the bending moment applied at both ends of the column treated as a load
disturbance. In calculations it was assumed that M is very small. Similarly as above the
searched critical force was obtained as the value of P causing the significant deflection
w(x). Equations (3) and (4) with proper boundary conditions were solved numerically by
means of Mathematica system. All other derivations and calculations were performed in
this system as well.

Optimum shapes were obtained for four different classes of functions. Final results
were confirmed also in numerical analyses performed by means of the commercial
system based on the finite element method.

It is interesting that in all analysed cases the resulting maximum elastic buckling
resistance was about 30 % greater than its counterpart for the case of the cylindrical
column of constant radius and the same volume.
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GBT-BASED BUCKLING ANALYSIS OF RACK SYSTEMS IN
THE FRAMEWORK OF ECBL APPROACH

S. DE MIRANDA, D. MELCHIONDA
DICAM, University of Bologna
Viale Risorgimento 2, 40136 Bologna, Italy

V. UNGUREANU, D. DUBINA
Politehnica University of Timisoara, loan Curea 1, 300224 Timisoara, Romania
Romanian Academy - Timisoara Branch
Mihai Viteazu 24, 300223 Timisoara, Romania

The Erosion of Critical Bifurcation Load (ECBL) is a practical and convenient tool
to characterize the instability behaviour of thin-walled cold-formed steel members [1]. It
represents a way to adopt the actual European buckling curves for cold-formed sections
by calibrating new o imperfection coefficients. This approach avoids the use of curves
obtained for hot-rolled ones and allows to design more accurately complex elements like
rack systems. In order to apply the ECBL approach, it is necessary to study the critical
and post-critical behaviour of the members. In particular, this approach applies in the
instability mode interaction with the erosion of the critical bifurcation load referred to a
case of interaction of two or more buckling modes associated with the same critical load.

As it is well known, the Generalized Beam Theory (GBT) is a powerful tool to
study thin-walled members and GBT finite element analyses can be effectively used to
evaluate the effects of mode interaction. The GBT was originally proposed by Schardt in
the 60s [2] and is a thin-walled beam theory able of capturing cross-section in-plane and
out-of-plane (warping) deformation through the inclusion of additional degrees of
freedom, the so-called “cross-section deformation modes”. Later, many authors have
contributed to the improvement of the GBT. In particular, most part of the contributions
came from Davies and co-workers [3] and from Camotim and co-workers [4].

With this in mind, the systematic use of the GBT to find the mode interaction points
is presented in this work. Reference is made to the formulation of the GBT with shear
deformation recently presented in [5] that, thanks to new definitions of the kinematic
parameters and of the generalized deformations, allows establishing a clear relationship
between the GBT results and those of the classical beam theories [6], an important issue
to apply the GBT in the current engineering practice.

In the present work, much attention is devoted to analyse how the boundary
conditions and the section properties affect the mode interaction points. As an example,
Fig. 1(a) shows the results of a parametric analysis of the rack member RSB125 without
holes loaded in compression. Several analyses have been performed varying the
thickness, the half-wavelengths and considering various boundary conditions, like Simple
support-Simple support (SS), Simple support-Clamped (SC), Clamped-Clamped (CC). In
particular, in this example the thickness ranges between 0.7 mm and 3.2 mm, the half-
wavelengths between 5 mm and 5000 mm so covering the most design-interesting
geometrical dimensions. Local-distortional, local-global and distortional-global
interaction points are shown in Fig. 1(b). As it can be noted, they tend to create well
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delimited areas. Also intermediate boundary conditions, with warping restrained, can be
taken into account. These numerical results are useful in the ECBL approach in order
simplify the design process and also open a way to find simplified functions describing
mode interaction behaviour.

50 300 550 800 1050 1300 1550 1800 2050 2300 2500
(a) Hall-wavelength [mm]

20000~ -0

10000 =

,_
g
&
g
&
-

5000 __

2500

S 5 '\ i N ./'l..\
R S T . T 0
intorthons - ss T | .
500 Local-Distortional h . H i i .
interaction | Tk 0 7mm | ! ! “

ss |

lag Per [kN]

Distortional-global
interaction

0 100 200 300 a0 S0 750 1000 1500
(b) log Hali-wavelength [mm]

Fig. 1. RSB125 mode interaction points
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EXPERIMENTAL AND NUMERICAL ANALYSIS OF FATIGUE
DAMAGE OF COMPOSITE PLATES WITH HOLES

A. MUC, M. BARSKI, P. PASTUSZAK
Faculty of Mechanical Engineering, Cracow University of Technology
al. Jana Pawla II 37, 31-864 Krakdw, Poland

1. COMPOSITE PLATE

The investigated plates consist of plies, which are made of a glass fabric and epoxy
resin. The approximate properties of the single layer are shown in the Table 1. The
laminate minimal layer thickness is of t_ayer=0.125[mm]. The dimensions of specimens
are as follows: the nominal thickness is equal to t;=5[mm], the length L,=250[mm], the
width W,=250[mm] and the radius of the circular hole is equal to R;=10[mm]. The
elliptical shape of the hole is also taken under consideration.

Table 1. Material properties of single layer for glass fibre and epoxy resin

Elastic properties Strength parameters
Ey 46.00 [GPa] X 245 [MPa]
E 46.00 [GPa] Y, 245 [MPa]
Gy 3.600 [GPa] Z 245 [MPa]
V12 0.130 Sp, 80 [MPa]

The opposite edges of the analysed plate are clamped. However one edge can move
in vertical direction. The considered plate is subjected to uniform compression. In the
experiment the load is applied with the aid of the hydraulic device. In the numerical
simulations the load is applied by the uniform displacement of one edge (displacement
control). The compression cause the stress concentration in the vicinity of the hole. This
effect could causes the local failure of the composite material and in consequence global
failure of the structure. In the other hand, the investigated structure could also be exposed
on a loss of stability in the global sense. This phenomenon should be treated as the form
of the global failure of the structure [1]. Therefore the main aim of the presented work is
to find out which form of failure will be observed in the case of the investigated plate.
Additionally, the character of the local damages of the composite materials are very
similar than in the case of the gradually increasing fatigue damages. Thus the currently
presented work should be also treated as the introduction to the analysis of the fatigue
phenomenon.

The numerical analysis is carried out with the use of commercially available
software ANSYS 12.1. The mentioned software is based on the finite element method.
Generally, the analysis consists of two stages. At the very beginning, a simple linear
buckling analysis is carried out in order to evaluate the value of the critical loading
multipliers and the corresponding eigenvectors. These results are very useful, when the
influence of the geometric imperfection is taken under consideration. In the second stage,
the geometric imperfections are introduced and the displacement in the axial direction is
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applied. The FEM model of the investigated structure is created with the use of the higher
order, multilayered shell elements SHELL281 [2]. The results obtained from the
numerical simulations and experiment are very similar. In the Fig 1. the experimental and
numerical results are presented.

1) 2.347 4.695 T.042 9.78
1.174 3.521 5.868 8.215

Fig. 1. The obtained results - damaged plate and the form of the loss of stability
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NUMERICAL ANALYSIS OF DAMAGE IN COMPOSITE
CYLINDRICAL PANELS WITH CIRCULAR HOLES

A. MUC, M. BARSKI, A. STAWIARSKI
Faculty of Mechanical Engineering , Cracow University of Technology
al. Jana Pawta II 37, 31-864 Krakow, Poland

1. COMPOSITE CYLINDRICAL PANEL

The investigated composite panel is made of 8 layers with the following stacking
sequence: [0/90/0/90/0]s, where "s" denotes a symmetry. The material of each layer is
Hexcel TVR 380 M12/R-glass unidirectional prepreg. The properties of the single layer
are shown in the Table 1. The dimensions of specimens are as follows: the nominal
thickness is equal to t;=2[mm], the length L,=300[mm], the width W,=180[mm], the
inner radius R,=92[mm] and the radius of the circular hole is equal to R;=10[mm]. The
laminate has a nominal fiber volume of v{=60[%] and a ply thickness t; ayer=0.25[mm].

Table 1. Material properties of single layer for TVR 380 M12/R-glass

Elastic properties Strength parameters
Ey 46.43 [GPa] Xt 1534 [MPa]
E, 14.92 [GPa] Yi 74.50 [MPa]
G 5.233 [GPa] Z 74.50 [MPa]
Vi 0.269 S, 57.55 [MPa]

The both ends of the structure are clamped. However one end can move in axial
direction. The considered panel is subjected to axial compression and the load is applied
by the uniform displacement of the one end (displacement control). The compression
cause the stress concentration in the vicinity of the hole. This effect could cause the local
failure of the composite material and in consequence global failure of the structure. In the
other hand, the investigated structure could also be exposed on a loss of stability. This
phenomenon should be treated as the form of the global failure of the structure [1].
Therefore the main aim of the presented work is to find out which form of failure will be
observed in the case of the investigated panel.

2. NUMERICAL ANALYSIS

The numerical analysis is carried out with the use of commercially available
software ANSYS 12.1. The mentioned software is based on the finite element method.
Generally, the analysis consists of two stages. At the very beginning, a simple linear
buckling analysis is carried out in order to evaluate the value of the critical loading
multipliers and the corresponding eigenvectors. These results are very useful, when the
influence of the geometric imperfection is taken under consideration. In the second stage,
the geometric imperfections are introduced and the displacement in the axial direction is
applied. Due to the expected large magnitude of deformation, the analysis is performed in
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the geometrically nonlinear range. The nonlinear problem is solved with the aid of the
Newton - Raphson algorithm. The FEM model of the investigated structure is created
with the use of the higher order, multilayered shell elements SHELL281. These elements
are especially dedicated to the analysis of composite structure [2]. They have 6 degrees of
freedom in each node, namely 3 translations and 3 rotations. The example of the obtained
results are shown in the Fig. 1.

E——
-16.057 ~7.203 1.65 10.503 20.832
-11.63 -2.177 6.076 14.929

Fig. 1. The radial component of deformation of the composite cylindrical panel with a hole

The presented above shape of deformation is obtained without introducing
geometrical imperfection. The final value of the reached axial displacement is equal to
UZz=2.5[mm]. The numerical analysis is repeated for the panels with the hole of a
different radius. Moreover, in the case of the real shell structure the influence of the
imperfection is significant. Thus in the present work the influence of the imperfection is
also analysed. Generally, the analysis is limited by the stress concentration localized in
the vicinity of the hole, which causes the material damage.
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ANALYSIS OF DYNAMIC STABILITY OF ROD STRUCTURES

P. OBARA
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1. INTRODUCTION

Analysis of dynamic stability of rod structures was performed in this paper. Two
methods: harmonic balance method [1] and small parameter method [2] were used for
determination of parametric resonance areas. Both of these methods are based on analysis
of the particular solution of the differential equations derived from Floquet’s theory. The
aim of this work is to present the superiority of small parameter method (SPM) over
commonly used harmonic balance method (HBM). Using SPM the simple formula to
determine the resonance frequency of the periodic load has been derived. The effects of
the shear deformation, rotatory inertia and damping effects on the instability areas of
structures are discussed in detail. The analysis uses the finite element method with beam
elements without axial deformability. Calculations were performed using the program
Mathematica.

2. REGIONS OF DYNAMIC INSTABILITY

The system of equations of motion can be included in the class Mathieu-Hill
differential equations with periodic coefficient:

(M +M7)G(t)+cqt)+ (K -s,K_)a(t)-s,cos (6t)K .q(t)=0 1)

where:

S, - static component of periodic force,

S, - amplitude of periodic force,

o - frequency of periodic force,

a(t) - vector of the degrees of freedom,

M - mass matrix,

M’ - rotatory inertia matrix,

C - damping matrix,

K - stiffness matrix,

K, -incremental (or geometric) stiffness matrix.

Taking into account the effects of the shear deformation in considering means that
above matrices contain correction parameter £, which depend on Young’s modulus E,
Kirchhoff’s modulus G, area of cross-section A, moment of inertia | and shear
coefficient x. These matrices were derived by approximation of displacement fields by
physical shape functions [3].



Stability of Structures XIV-th Symposium — Zakopane 2015

Based on (1) the main instability regions on the plane of parameters defining the
load (S, S;, @) and the properties of the structures like the critical force S, and the free
vibration frequency (2, were determined. If we omit damping effects the use of the
harmonic balance method requires solving the following equation:

-0 @)

whereas in the case of small parameter method (for s, =0.5s,), for first-order
approximation, we obtain the following formula:

1 * 1
0=2Q lJ—rEStKGu_Z ©))

where:
0, - first free vibration frequency including static component of periodic force,

K., - firstelement of M-orthonormal geometric stiffness matrix.

The analyses show that both methods give the same results, but compared (2)
and (3), it is concluded that the small parameter method is simpler than the harmonic
balance method. In the first case it is necessary to use the FEM algorithm and operate on
matrices (matrix size depends on the number of degrees of freedom); whereas in the
second - it is enough to know the first free vibration frequency and the first element of
geometric stiffness matrix.

If we take into account the effects of dissipation forces SPM leads to:

2
01

1. . 1 (1.
0=20, 1+—s!KG“—(—CMi1\ (4)
2 4 )
where
C,, - first element of damping matrix.
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MODIFICATION OF COMPOSITE BEAM CONFIGURATION
BY EXPLOSIVELY INDUCED DELAMINATION

M. OSTROWSKI
Invenco R&D company Bernardynska 21/69 02-904, Warszawa, Poland

1. INTRODUCTION

Passive control of crash or impact event may be based on change of mechanical
characteristics due to modification of inner structural connections. The paper covers
numerical and experimental analysis of sandwich fabric composite cantilever beam
subjected to low velocity impact. A set of metallic electrical conductors was placed
between composite layers causing their delamination when subjected to electrical
explosion. In result separation of initially connected components in the vicinity of used
conductor is obtained leading to change of their mechanical characteristics, allowing for
discrete control of global beam behavior.

2. ELECTRICAL BRIDGE WIRE FOR EXPLOSIVE DELAMINATION

Exploding bridge wire (EBW) phenomenon is known from the end of the 18th
century [1] and being in use today, mainly for ignition of high explosive materials [2] as
well as in physics of high energy [3]. This effect is caused by a rapid heating of
a conductor subjected to a pulse of high voltage electric current, what changes its state of
matter from solid to vapor, expanding in surrounding continua and forming a strong
pressure wave. Afterwards, in result of current discharge through the formed plasma
channel, additional heat is applied to the system increasing the effect. Depending of
explosion parameters and properties of continua elastic, elasto-plastic or shock waves can
be observed. In case of action on the composite, exploding wire embedded between layers
acts on adjacent surfaces causing their progressive separation in the vicinity of explosion.
Delamination is being extended by the pressure acting in normal direction decoupling
adhesive. Figure 1 depicts example delamination process.

k4
:

R
-50.647 msii : : {T-50.397 ms ) -49.772 msfE

Fig. 1. Sequence of explosive delamination of a composite
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3. CANTILEVER BEAM MODIFIED BY INTRODUCED DELAMINATION

A cantilever beam made of layered sandwich composite was modelled with shell
finite elements. Problem was solved in a commercial FEM LS-DYNA package using
explicit time integration with nonlinear material and geometric formulation. The
delamination was simulated by a controlled separation of a connection between layers in
the area surrounding the predefined location of the wire. The initiation time of layers’
separation was one of controllable parameters allowing for a wide search for solution
dependencies. Fig. 2 shows example set of solutions obtained for a beam subjected to an
impact at its end for different localization of exploding wire and delamination
introduction time set to 52 ms after the beginning of the simulation. Length of the beam
was 300 mm, a width 100 mm, thickness between layers midsurfaces 3 mm, delamination

area 90 mm x 90 mm.
) d) )
Fig. 2. Results of transverse impact simulation into a sandwich composite beam (side view): a-

a) b) c
initial state (0 ms), b - passive state (no delamination, 52 ms), ¢ - delamination centre located
80 mm from the constrained side (52 ms), d - delamination centre located 120 mm from the
constrained side (52 ms), e - delamination centre located 160 mm from the constrained side (52 ms)

5

4. CONCLUSIONS

The embedded electric conductor explosive delamination effect is a high speed
phenomenon allowing for control of structural behaviour in impact dynamics events, as
well as a robust and controllable laboratory technique for research in field of structural
dynamics. The presented results show high influence of the delamination time on beam
behaviour when subjected to a transverse impact allowing for the change of localization
of its deformation due to the impact. It may be used to preserve the structural integrity as
well as, due to the change of the beam’s stiffness characteristics, used for mitigation of
loads acting on impacting objects.
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THREE-LAYERED ANNULAR PLATE WITH
ELECTRORHEOLOGICAL CORE

D. PAWLUS
Faculty of Mechanical Engineering and Computer Science, University of Bielsko-Biata
Willowa 2, 43-309 Bielsko-Biata, Poland

1. INTRODUCTION

Approximation of the change of properties from solid body to viscous fluid known
as electrorheological effect and called also as the Winslow effect [1] by the Bingham
plastic model accepting in description of the core material, enables to conduct new
evaluation process of plate dynamic behaviours. The dynamic sensitivity of plate
structure to different values of Bingham model parameters and the analysis of critical and
supercritical behaviours are examined in this paper. Some investigations of dynamic
behaviours of sandwich annular plates with electrorheological fluid core are presented for
example in work by Yeh [2].

2. PROBLEM FORMULTION

The three-layered annular plate is the subject of the analysis. The structure of plate
is composed of thin, elastic facings and core with electrorheological properties. The plate
edges are clamped. Plate is loaded on facings with stress linearly increasing in time.

The influence of electrorheological properties of core material on dynamic
behaviour was examined in the range of critical parameters of plate work. At the moment
of time of the loss of plate dynamic stability (established according to criterion presented
in work [3]) the change of core material behaviour occurs from elastic body to properties
of viscous fluid-suspension. The influence of the viscosity constant of rheological form
of core material and the values of shear stress in core Bingham model on the final results
is subjected to the detailed analysis. The static value of shear stress in the equation of
Bingham body (see, Egn. 1) has been accepted as equal to values of critical radial and
circumferential stresses calculated at the moment of the loss of plate dynamic stability.

The classical theory of sandwich plates with the broken line hypothesis has been
used. The nonlinear geometric relations expressed by Karman’s equations describe the
deformation of facings. The preliminary deflection and additional deflection increasing in
loading time are equal for each plate layer. The solution to the problem of dynamic
deflections of three-layered plates with viscoelastic core is presented in work [4] in detail.
Shown form of the system of differential equations is here modified by the physical
relations of Bingham model core material. These relations are expressed by equations [1]:

Ty =M Yoy T Tra Ty, =NV, + Ty 1)

where: n - plastic viscosity constant, v, - shear rate in radial and circumferential

directions, respectively, Ty omax - Static yield stress in radial and circumferential
directions, respectively.
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3. NUMERICAL EXAMPLE

The observations have been led for plates with facing thickness h” equal to:
h'=0.001 m, core thickness equal to h,=0.002 m, inner radius r;= 0.2 m, outer radius
r,= 0.5 m. Facings are made of steel. The example of plates compressed on outer edge,
which buckling is in the form of m =7 circumferential waves, is shown in Fig.1 for
values of core Kirchhoff’s modulus equal to: G, = 0.5 MPa. The supercritical vibrations
shown in Fig. 1 are observed for greater than n = 17 Pas-values of viscosity constant 7.
For the smaller value of viscosity constant 7 the run of curves {imax = f(t*) in supercritical
region of plate work is limited.

— c|astic core

——+8— el-rh core eta=1.7 Pas
e ¢|-rh core eta=17 Pas
RO SRR el-rh core eta=17x2 Pas
eoooooo ¢|-rh core  eta=17x5 Pas
e ¢|-rh core eta=170 Pas
------------- el-rh core eta=1700 Pas |

£0,3
r
0,2
5 G,=0.5 MPa
0,1 ; m=7
0 - |
0 0,2 0.4 0,6

Fig. 1.Time histories of deflections of waved plates G, = 0.5 MPa, m = 7 compressed on outer edge
4. CONCLUSION

The observations show the strong influence of core material properties on plate
dynamic, supercritical behaviour. Results indicate the possibility of controlling of plate
work and limitation of the supercritical vibration field. Presented results and observations
could be useful in plate structure design for suitable control its dynamic behaviour and
work field.
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ST,ATECZNO,SC' DWUKIERUNKOWO POFALDOWANYCH
SRODNIKOW KSZTALTOWNIKOW ZIMNOGIETYCH

W. PERLINSKI, B. MICHALAK
Katedra Mechaniki Konstrukcji, Politechnika £.0dzka
Al. Politechniki 6, 90-924 £.6dz, Polska

1. WPROWADZENIE

Konstrukcje stalowe 2z jednokierunkowo pofaldowanymi $rodnikami sg
wykorzystywane w wielu krajach. Wykorzystanie konstrukcji tego typu dotyczy zardwno
konstrukcji mostowych jaki i budownictwa. Analiz¢ statecznoéci tego typu srodnikow
mozna znalez¢ w wielu pozycjach literatury, wymienmy tu dla przyktadu [1, 2]. Wada
tego typu jednokierunkowego pofatdowania jest to, Ze nie mozna otrzymac ptaskiej linii
zagigcia pomiedzy Srodnikiem i pasami dzwigara, stad nie mozna zastosowac takiego
pofaldowania w ksztaltownikach gietych na zimno. Natomiast pofaldowanie
dwukierunkowe pozwala wykorzysta¢ ten sposdb wzmocnienia sztywnosci srodnikow w
ksztaltownikach gigtych na zimno.

Przedmiotem rozwazan beda S$rodniki ksztaltownikéw gietych na zimno
pofaldowane sinusoidalnie w dwoch kierunkach (Rys. 1). Celem rozwazan jest analiza
stateczno$ci tak pofaldowanych $rodnikow. Analizie zostana poddane: $ciskane
rOwnomiernie pasmo plytowe, plyta prostokatna $ciskana réwnomiernie w dwoch
kierunkach, $rodnik w postaci ptyty prostokatnej obcigzonej ztozonym stanem naprezen
Sciskajacych, oraz §rodnik Scinany. Analizg statecznosSci sprezystej modelu powlokowego
pofatdowanego srodnika przeprowadzono uzywajac programu ABAQUS.

2. MODEL ELEMENTOW SKONCZONYCH
Wartosci sil krytycznych i postacie utraty statecznosci okreslono korzystajac z

programu ABAQUS. Zastosowano model materiatu liniowo sprezystego i czteroweztowe
elementy powlokowe o 5 stopniach swobody w weztach typu S4R5 (Rys. 1).

Rys. 1. Model pofaldowanego srodnika w metodzie elementéw skoficzonych
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Elementy S4R5 o odebranym jednym stopniu swobody w wezlach mozemy
zastosowa¢ w przypadku analizy cienkich ptyt o matych odksztalceniach. Powierzchni¢
srodkowa modelowano analitycznie wprowadzajac siatke punkow o gestosci 1x1mm.
Powierzchnia ta nastgpnie zostala posiatkowana na elementy skonczone o takich samych
wymiarach.

Obliczenia przeprowadzono dla dwoch rodzajéw warunkow brzegowych:
swobodnego podparcia i brzegu zamocowanego.

2. ANALIZA NUMERYCZNA

Celem analizy numerycznej jest ocena wplywu stosunku f /1 (f - wyniosto$¢
fatdy sinusoidalnej, | - dtugo$¢ okresu pofatdowania) i stosunku t/1 ( t - grubo$¢ blachy
srodnika) na wartosci sil krytycznych. Na rys.2 przedstawiono przykladowo zalezno$¢
wartos$ci sity krytycznej dla §ciskanego pasma ptytowego w zalezno$ci od stosunku f /1

,0dzie t/1 jest przyjetym parametrem. W trakcie prezentacji zostang przedstawione
wyniki dla §rodnika $cinanego i poddanego ztozonym naprezeniom $ciskajacym.
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g g PP
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e 2 40.000 -
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0000 =TSN 0.000

0.000 0.100 0.200 0.300 0.400 0.000 0.100 0.200 0.300 0.400
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t/1=0,01 ~-= t/1=0,02 t/1=0,03 t/1=0,04 t/1=0,05 t/1=0,05 t/1=0,075 - -t/I=0,1 ---t/1=0,125

Rys. 2. Wartosci sit krytycznych dla Sciskanego pasma ptytowego

Z wykresow na Rys. 2 mozna stwierdzi¢, ze wigksze przyrosty wartosci sit
krytycznych wraz ze wzrostem f /1 wystepuja dla $rodnikow o matym stosunku t/1 .

Natomiast dla §rodnikoéw o duzym stosunku t/1 wzrost warto$ci sity krytycznej wraz ze
wzrostem f /1 osiaga pewne maksimum. Dla rozpatrywanego przypadku maksimum to

wystepuje przy wartosciach f /1 =0.25 +0.35 .
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POSTBUCKLING OF IMPERFECT PLATE SUBJECTED TO
SHEARING LOAD

M. PSOTNY
Department of Structural Mechanics, Slovak University of Technology
Radlinského 11, 810 05 Bratislava, Slovakia

1. INTRODUCTION

The stability analysis of thin plate subjected to shear is presented. The non-linear
FEM equations are derived from the variational principle of minimum of potential
energy. To obtain the non-linear equilibrium paths, the Newton-Raphson iteration
algorithm is used. Corresponding levels of the total potential energy are defined. The
peculiarities of the effects of the initial imperfections are investigated using user
program. Obtained results are compared with those gained using ANSYS system.

2. THEORY

Restricting to the isotropic elastic material and to the constant distribution of the
residual stresses over the thickness, the total potential energy can be expressed as:

1 T 1 ; td T
U=|=(g, - tD(e, — dA + | —(k - k,) —D(k =k, )dA — dA 1
J;z(sm SOm) (Sm 8()m) +J;2( 0) 12 ( O) J;q p ( )
The system of conditional equations one can get from the condition of the minimum of
the increment of the total potential energy 6 AU = 0. This system can be written as:

KincAa+Fint_Fe><t_AFe><t:0 (2)
where K, - the incremental stiffness matrix of the plate,
F.. - the internal force of the plate,

int

F,, - theexternal load of the plate,
AF,, - the increment of the external load of the plate, more details in full text.

3. FEM NONLINEAR ANALYSIS

The FEM computer program using a 48 DOF element has been used for analysis.
FEM model consists of 8x8 finite elements. Full Newton-Raphson procedure, in which
the stiffness matrix is updated at every equilibrium iteration, has been applied. Interactive
change of the pivot member during calculation is necessary for obtaining required
number of L-D paths. Obtained results are compared with results of the analysis using
ANSYS system, where 32x32 elements model is created. Element type SHELL143
(4 nodes, 6 DOF at each node) is used. The arc-length method was chosen for analysis,
the reference arc-length radius is calculated from the load increment. Only fundamental
path of nonlinear solution has been presented.
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4. EXAMPLE

Ilustrative example of steel plate loaded in shear (Fig. 1) is presented as load —
displacement paths. The initial displacements are assumed as the out of plane
displacements only as a combination of first three buckling modes: dy=a;*mode i.
Parameters o; are mentioned in this figure.

4— - - - - 4—
a=b=260mm
t=2mm
E=210 GPa
v=0.3
|n|t|al imperf.
=0.3mm
=0.2mm
=0.1mm

Fig. 1. Notation of the quantities of the plate loaded in shear

Load [N/mm]

— fund.
— path
— path

Dlsplacement [mm] Energy [J]

-8 -6 -4 2 o Z 4 6 S -150000 -100000 -50000 o

Fig. 2. Buckling and post-buckling of thin plate with the initial displacement

Presented non-linear solution of the post-buckling behaviour of the plate is divided
into two parts. On the left side we have load versus nodal displacement parameters
relationship, on the right side the relevant level of the total potential energy is drawn. Due
to the mode of the initial imperfection the nodal displacements wa, wc have been taken as
the reference nodes (see Fig. 1). In Fig. 2 there are presented first three loading paths
representing various forms of change between buckling shapes. Fundamental path
corresponds with the minimum value of total potential energy, thus there is no
presumption of a snap-through. However, for some different shapes of initial
imperfection, the level of the total potential energy of the fundamental stable path can be
higher than the total potential energy of the secondary stable path. This is the assumption
for the change in the buckling mode of the slender web.
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BUCKLING ANALYSIS OF COLD FORMED SILO COLUMN

K. REJOWSKI, P. IWICKI
Department of Structural Mechanics University of Technology
Narutowicza 11/12, 80-952 Gdansk, Poland

1. INTRODUCTION, SCOPE OF THE WORK

Silos are built of thin-walled horizontally corrugated curved sheets strengthened by
vertical columns [1]. The wall sheets carry circumferential tensile forces caused by
horizontal wall pressure of a bulk solid and vertical columns carry vertical compressive
forces exerted by wall friction from a bulk solid. Wall sheets may be assumed as elastic
foundation of the columns. In the design practice it is necessary to use a simple models
instead of analysis of the whole 3D silos [2]. The Eurocode 3 [3] gives a simplified
formula to calculate the buckling strength of vertical silo columns resting on elastic
lateral foundation.

The aim of the research is to perform a linear buckling analysis (LBA) of a silo
column, modelled by shell elements and supported in lateral or torsional direction by an
elastic foundation constant along the column length. Influence of the foundation stiffness
on the column buckling resistance was investigated. The calculated load factor was
compared to the recommendations given by Eurocode 3 and to similar results of the
whole silo modelled by shell elements analysed in paper [4].

2. NUMERICAL ANALYSIS OF COLUMN

As the parametric study consider the column supported by lateral (k) and torsional
(kg elastic foundation (modelling the silo walls) continuously distributed along the
column length (Fig. 1). The column was loaded by vertical continues load imposed by a
bulk solid according Eurocode 1 [5]. The analysis was performed program ABQUS [6].

e VEAR  ARA R er &R AEAR VR R
135 508 )E 508 2508 2508 2508 2508
" - - - - S S . . e -

HI" - k : | vV B | Vo 4mm | Vo4mm | C 4mm ‘ C 3mn ‘ C 2mrr | c1 ‘_‘"““‘
86 { | L

section type section type

wall frictional traction [5] —

Fig. 1. Analysed silo column

The increase of foundation stiffness caused nonlinear rise of the column buckling
load (Fig. 2). For low lateral and torsional foundation stiffness a global buckling of the
column occurred, at higher stiffness local, distorsional or torsional buckling took place.
According to recommendations given by Eurocode 3 the load factor is low (0.4) and in
a real silo 3D FE analysis [4], it was 5.5 for LBA and 3.2 GNA.
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1E-005 0.0001 0.001 0.01 0.1 1 10 100 1000 10000 100000
k [N/mm?)
Fig. 2. Evolution of column limit and buckling load factor A against lateral foundation stiffness for:
a) k=0, b) kg=0, c) k=67 Nm/rad, d) according Eurocode 3, ) FE LBA [4] , f) FE GNA [4]

3. CONCLUSIONS

The effect of bracing stiffness on the critical and limit load of the cold-formed
column was investigated. Comparing calculated buckling load factor with the results of
the 3D silo shell FE analysis one can estimate the column foundation stiffness. The
lateral foundation stiffness according Eurocode 3 is much lower than calculated in FE
model [4]. Further investigation of the column foundation in both torsional and lateral
direction are needed.

The financial support of the Polish National Research Centre NCN in the frame of
the Grant No 2011/01/B/ST8/07492 " Safety and optimization of cylindrical metal silos
containing bulk solids with respect to global stability " and of the Polish National Centre
for Research and Development NCBR in the frame of the Grant POIG.01.03.01-00-
099/12 "Innovative method of dimensioning and construction of large industrial silos
made from of corrugated sheets" is gratefully acknowledged.
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DISTORTIONAL INSTABILITY OF AXIALLY LOADED
COLD ROLLED SIGMA PROFILES

K. RZESZUT, K. CIESIELCZYK
Institute of Structural Engineering, Poznan University of Technology
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1. INTRODUCTION

Application of thin-walled cold formed sections increased the importance of local
and distortional instability phenomena which may appeared at a similar or lower load
level as global instability. Distortional buckling of compression members is associated
with the deformation of the contour in a form of symmetrical or asymmetrical closing or
opening of the section and change the angle between adjacent walls. Distortional buckling
of compression members has been widely discussed in literature. In [1] Lau and Hancock
proposed distortional buckling formulas for columns made of cold-rolled channel cross-
sections. The distortional buckling analysis was also carried out by Schafer [3].
The comparative analysis conducted by Szymczak and Werochowski in [4] showed that
the critical distortional stresses calculated according to the designing code obtain
overestimated values in relation to the formulas proposed by Hancock and Schafer.

In this paper the distortional buckling analysis of cold-rolled sigma profiles was
performed. In the first part of the study critical distortional stress was calculated based on
Eurocode recommendations and Hancock and Schafer formulas. In the second part, the
FEM numerical model was created in order to verify the assumptions introduced in the
analytical analysis and to investigate the interactive buckling, which is not taken into
account in analytical formulas.

2. PROBLEM FORMULATION

The critical distortional buckling stress for edge or intermediate stiffener according
[2] should be obtained from:

_ 2JKEI, O

where: K is the spring stiffness per unit length and A, | are the effective characteristics
of the effective cross-sectional area of stiffener. Alternatively, the critical distortional
buckling stress can be calculated from the equations formulated by Lau and Hancock:
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where: A; is the cross-sectional area of the flange and lip, «;, a,, «a; are coefficients
dependent on the geometric characteristics or from formula proposed by Schafer:

k fe+kwe
o, = e (3)

cr
k«’fg + kwwg

where: k., k k k  are elastic and "geometric" rotational spring stiffness from

pwe ' Tofg ! Towg
the web and flange.

In the numerical examples the simplified model was used, where the sigma cross-
section was replaced by channel cross-section with spring supports as shown in Fig. la.
The analysis was carried on several cold-formed symmetrical sigma profiles (flange
width b = 70 mm, wall thickness t = 1.5 mm and the lip width ¢ = 16 mm). The results of
the calculations are presented in the table (Fig. 1b).

b)

[ H | Shafer H;‘ni‘gck EN 1993-1-3
[mm] | [MPa] [MPa] [MPa]
140 | 423.01| 341.56 323.61
200 | 266.90] 245.75 250.69
230 | 216.18] 211.25 228.85
260 | 172.60| 177.27 211.89
300 | 124.87| 129.06 194.19

—) 350 | 81.65| 102.43 117.28

Fig. 1. Examples a) simplified model, b) critical distortional buckling stress

The next stage of research will cover numerical analysis using the finite element
method in order to determine the degree of accuracy of the adopted simplified model and
to determine which of the presented analytical methods provides the best results.
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FLANGE VERTICAL BUCKLING OF I-SHAPED
STEEL GIRDERS
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1. BUCKGROUND AND INTRODUCTION

This paper deals with the flange vertical buckling of an I-shaped “non-hybrid” steel
girder having the practical section dimensions. On flange vertical buckling, Basler et al.
[1] presented a formula to verify the occurrence of vertical buckling of an I-shaped steel
girder by using the width-thickness ratio of the web plate. Two authors of the current
paper carried out an experimental test on the hybrid steel girders, and in the test [2],
unexpected vertical buckling was observed in a test model.

With above background, the authors conducted the numerical studies [3] on the
flange vertical buckling of the I-shaped “hybrid” steel girders having smaller section
dimensions than practical based on the experimental model. Through these studies, the
authors pointed out that occurrence of vertical buckling is owing to the thickness of
flange and web plate and not to the width-thickness ratio. This fact suggests that the new
collapse model is required to establish the procedure for verification of vertical buckling.

2. NUMERICAL MODEL AND RESULT

In the current paper, flange vertical buckling behaviour on the “non-hybrid” steel
girders, having the shapes and dimensions of practical girders, is studied. The typical
numerical model has its depth of 2 500 mm, web thickness of 8.5 mm, flange width and
thickness of 600x37 mm, and the span length of 29 800 mm, and the grade SM570 steel
with the yield stress of 596 MPa is assumed. Fig. 1 shows the outline of the typical
numerical model. In the analysis, 2 point loadings are considered and the left side loading
is kept to be larger by 1 % than the right side loading as same to authors’ previous
studies.
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Fig. 1. The outline of the numerical model
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Fig. 2. Load-deflection relation Fig. 3. Deformation pattern

Fig. 2 shows the load-deflection relationship of the numerical model in which
vertical buckling occurs. As with the previous studies, after the peak load, the load
reduces drastically. Fig. 3 shows the deformation pattern of the numerical model at the
stage indicated with the black point (e) in the Fig. 2.
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Fig. 4. A Column on the elastic foundation Fig. 5. Spring constant-flange thickness relation

Timoshenko presented a formula to estimate the buckling load P, of a bar elements

supported by many springs (Fig. 4) as P, =+«El , here the constant o [N/mm/mm] is

corresponding with the spring constant per a unit length. The authors consider that this
formula is applicable to flange vertical buckling. Fig. 5 shows the spring constant that has
been calculated by the Timoshenko’s formula and author’s numerical results.

3. CONCLUSION

1) Vertical buckling in the numerical model assuming the practical girders occurred.
2) The spring constant could be approximated by a straight line.
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STABILITY OF A STEEL WELDED GIRDER
WITH BENDING AND SHEAR FORCES INCLUDED

R. SYGULSKI
Polytechnic Faculty, The President Stanistaw Wojciechowski Higher Vocational State
School in Kalisz, Poznafiska 201-205, Kalisz, Poland

M. GUMINIAK, L. POLUS
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Piotrowo 5, 60-965 Poznan, Poland

1. INTRODUCTION AND PROBLEM FORMULATION

The stability of the elements of a steel welded girder subjected to bending and shear
forces is considered (Fig. 1).

LY VY ¥ Y ¥ ¥y ¥ Y ¥y ¥ yy Yy
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Fig. 1. Steel girder with vertical stiffeners

The correct determination of the critical load is essential in the design process. This
issue was investigated and solved in analytical terms by Timoshenko [1]. The Finite
Element Method (FEM) is applied to numerical investigation of the stability of the steel
welded girder with the bending and the shear forces included. Suitable numerical
algorithms of FEM were presented e.g. by Rakowski and Kacprzyk [2]. Others, e.g.
Shi [3], Chinnaboon, Chucheepsakul and Katsikadelis [4] have used the Boundary
Element Method (BEM) to solve the buckling problem of thin plates of any shape
including the plates with holes.

2. NUMERICAL EXAMPLES

The element of the steel welded girder is considered and modelled as the rectangular
simply-supported plate of dimensions a=b = 2.0 m, subjected to N, and N in-plane
forces with linear and constant distributions, respectively (Fig. 2). The material properties
are E=205 GPa, v=0.3 and the plate thickness is h=0.015 m. The ABAQUS

computational program was used in the analysis. The plate domain is divided into 1600
elements of the S4R and the S8R types and the finite element mesh is regular. The critical

loading N is expressed using the non-dimensional term N, =N, -a-b/D, where D is
the plate stiffness. The results of calculation are presented in Table 1. Additionally, the
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stability problem of the plate subjected only to N in-plane forces was solved as the

simple benchmark test (Table 2). The FEM results were compared with the analytical and
the BEM solution according to conception presented in [5].
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Fig. 2. Considered element of steel welded girder

Table 1. Critical loading value N. Assumed the comparative compressing loading: N,
NyIN, 0.0 0.025 0.05 0.1 0.15
FEM (S4R) 251.837 | 250.498 247.032 236.685 | 224.229
FEM (S8R) 250.069 | 248.705 245.227 235.037 | 222.884

Table 2. Critical loading value N,
Loading: N, | FEM (S4R) | FEM (S8R) | BEM [6] Analytical [1]
Ny =N, 92.066 91.454 93.051 92.182

3. SUMMARY

The impact of the tangential in-plane loading cannot be avoided. Detailed analysis
of the critical load is important in the case of complex structures, included welded girders
with stiffeners or holes. This will allow to estimate the maximum value of external
loading g.
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WPLYW NIESTATECZNOSCI LOKALNEJ NA SZTYWNOSC
W KONSTRUKCJACH BLACHOWNICOWYCH

M. SZUMIGALA, K. CIESIELCZYK
Institute of Structural Engineering, Poznan University of Technology
Piotrowo 5, 60-965 Poznaf, Poland

1. WSTEP

Zastosowanie ~w  konstrukcjach  inzynierskich ~ spawanych  przekrojow
blachownicowych pozwala na bardziej optymalne dopasowanie wymiarow przekroju do
pola rozktadu sit wewnetrznych niz w przypadku zastosowania przekrojow
walcowanych. Ztego wzgledu w wielu sytuacjach projektowanie przekrojow
blachownicowych jest rozwigzaniem dalece ekonomiczniejszym. Jednak przyjmowanie
optymalnych wymiaréw blachownic wigze si¢ z ryzykiem wystgpienia w przekroju
zjawiska utraty statecznosci lokalnej jak 1 ogélnej. Zgodnie z zasadami norm
europejskich nos$nos¢ przekrojow klasy 4 zaleca si¢ wyznacza¢ wedtug teorii no§nosci
nadkrytycznej [1]. Idea obliczen w stanie nadkrytycznym polega na zamianie przekroju
brutto (rzeczywistego) na przekrdj efektywny - wspotpracujacy.

2. PRZEKROJ WSPOLPRACUJACY

W [2] zaproponowano dwa sposoby obliczania przekroju wspotpracujgcego. Obie
metody opieraja si¢ na idei zmniejszenia rzeczywistych wymiarow (pola przekroju)
Scianek poprzez przemnozenie szerokosci przez wspotczynnik redukcyjny p
uwzgledniajacy niestateczno$¢ Scianki. Podstawowa metoda opisana w zasadniczej czgsci
normy (p.4.3) opiera si¢ na zalozeniu, Ze naprezenia S$ciskajace w przekroju
wspolpracujacym réwne sa granicy plastycznosci, natomiast druga, alternatywna metoda
(zalacznik E) jest procedursg iteracyjng i zaktada mozliwo$¢ uwzglednienia rzeczywistych
warto$ci naprezen $ciskajacych.

We wspomnianym zalaczniku przedstawiona zostala metoda wyznaczania
sztywnosci przekroju wspolpracujacego w stanie granicznym uzytkownosci. Zaktada sig,
ze efektywny moment bezwtadnosci okresla nastepujaca zaleznosé:

O-gr

ey = Igr _—[Igr =l (Ucom .Ed ,ser )] (1)

O com .Ed ,ser

gdzie:

lg - moment bezwladnosci przekroju brutto,

ogr - maksymalne naprezenia od zginania w stanie granicznym uzytkowalnosci (na
podstawie cech przekroju brutto),

Gcom Edser - Maksymalne naprezenie $ciskajace w rozpatrywanym elemencie w stanie
granicznym uzytkowalnoS$ci (na podstawie przekroju wspotpracujacego),

leff(GcomEdser) - moment bezwladnosci przekroju wspotpracujacego wyznaczony dla
maksymalnych wartos§ci napr¢zen Geom gd ser-
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Zgodnie z zaleceniami normy zaktada si¢, ze efektywny moment bezwladnosci jest
zmienny na dtugosci przekroju elementu i wyznacza si¢ go dla wybranych przekrojow
charakterystycznych (najbardziej wyt¢zonych). Dopuszcza si¢ rowniez zalozenie, ze
przekrdj bedzie staty na calej rozpigtosci 1 wyznaczony dla najwickszej wartosci
momentu zginajacego.

3. ANALIZA NUMERYCZNA

Autorzy postanowili przeanalizowaé i porowna¢ omdwione zalecenia normowe.
Obliczenia przeprowadzono dla jednoprzestowej belki statycznie wyznaczalnej oraz dla
belki statycznie niewyznaczalnej (dwuprzgstowej oraz dwuprzgslowej z czgscig
wspornikowg) o przekroju dwuteowym.

W pierwszym etapie porownano pole przekroju wspolpracujacego obliczonego
obiema przedstawionymi w [2] metodami. Nastgpnie wyznaczono wartosci ugi¢¢ przy
zatozeniu statego przekroju efektywnego w strefie $ciskanej i rozciaganej oraz w sposob
doktadniejszy - dzielac belk¢ na krétsze odcinki, okreslajac iteracyjnie sztywno$¢ dla
kazdego z nich.

Wszystkie wyniki z obliczen uzyskanych metodami analitycznymi zostang
poroéwnane z wynikami otrzymanymi z analizy numerycznej przy wykorzystaniu metody
elementow skonczonych dla modelu 3D.

S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+3.550e+08

Rys. 1. Mapa naprezen [Pa] wg hipotezy H-M-H w jednym z analizowanych modeli
BIBLIOGRAFIA

[1] Piekarczyk M., Wykorzystanie nadkrytycznej rezerwy no$no$ci w projektowaniu
konstrukcji stalowych, Wydawnictwo Politechniki Krakowskiej, 2002, pp. 11-61.

[2] PN-EN 1993-1-5, Eurokod 3, Projektowanie konstrukcji stalowych, Czgs¢ 1-5:
Blachownice, Polski Komitet Normalizacyjny, 2008.

106



Stability of Structures XIV-th Symposium — Zakopane 2015

LOCAL AND DISTORTIONAL BUCKLING IN THIN-WALLED
BARS WITH Z-SECTIONS SUBJECTED TO WARPING TORSION

A. SZYCHOWSKI
Department of Structure Mechanics, Metal Structures and Computer Methods
Kielce University of Technology
Al. 1000 - lecia Panstwa Polskiego 7, 25 - 323 Kielce, Poland

1. INTRODUCTION

Thin-walled bars with open sections and flat walls are sensitive to different modes
of buckling (local, distortional and overall). At the same time, when in torsion, these bars
are characterised by low strength and low rigidity. In studies [1, 2], the occurrence of the
local buckling phenomenon in thin-walled bars, subjected to warping torsion, when other
components of the section load were not present, was analysed theoretically and
confirmed experimentally. In study [1], Z-sections, C-sections and I-sections, made from
internal walls (I-type plates) and cantilever walls (Il-type plates) not containing the
stiffening of free edges, were taken into consideration. The local critical bimoment (B,),
which causes the local buckling of the bar walls under the torsional load alone, was
defined. It was demonstrated that for sections that are unsymmetrical (relative to the
axis), e.g. Z-sections, two local critical bimoments are found, which differ in their
absolute values. Those are the “left” (Bg,.) and the ‘“right” (B.gr) local critical
bimoments, depending on the “sense” of the torsional load.

The present study deals with the stability of thin-walled bars with Z-sections. The
latter also contain cantilever walls (plates), where the free edge is stiffened (I1l-type
plates), Fig. 1.
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Fig. 1. Thin-walled bar with Z-section made from walls (plates) of | and 111 type
2. DISTORTIONAL CRITICAL BIMOMENT

In the thin-walled bar with Z-section, subjected to warping torsion (Fig. 1), the
phenomenon of distortional buckling can occur [1]. The bimoment which generates this
mode of buckling when no other section load components are found was termed
“distortional critical bimoment”. It is expressed by the formula (1):
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D Y%ecr
Bcr — w (o} (1)
wC
where:
o - critical warping stress (o =k o, ),

k> - coefficient of distortional buckling,
o, . - Euler’s stress for a plate (wall s),

E

I, - warping section constant,
. - a sectorial coordinate corresponding to critical stress.

The problem of determining coefficients k,° was solved using the energy method.
The cross-section of the thin-walled bar was composed of plates of I and Il type. Static
and kinematic boundary conditions on the longitudinal edges of the connection were
taken into account. Fig. 2 presents the diagrams of coefficients k,° for the segment of the
thin-walled bar with Z-section, when the bimoment distribution is linear.
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Fig. 2. Diagrams of coefficients k,,°
3. CONCLUSIONS

In the thin-walled Z-section composed of plates of | and Il type, local (B) and
distortional (B") critical bimoments are found, depending on the sense of the torsional
load. Those bimoments are associated with different buckling modes (local mode,
distortional mode) and have different absolute values.
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WYBOCZENIE POLKI USZTYWNIONEJ KSZTALTOWNIKA
CIENKOSCIENNEGO PRZY WZDLUZNEJ ZMIENNOSCI
NAPREZEN

A. SZYCHOWSKI
Department of Structure Mechanics, Metal Structures and Computer Methods
Kielce University of Technology
Al. 1000 - lecia Pafistwa Polskiego 7, 25 - 323 Kielce, Poland

1. WPROWADZENIE

Wspotczesnie stosowane ksztattowniki cienko$cienne o przekroju otwartym
charakteryzuja si¢ duzymi smuklo$ciami §cianek sktadowych (potek, srodnikow, itd.). W
zwiazku z tym s3 wrazliwe na zjawiska lokalne zwigzane z utrata statecznosci $cianek
sciskanych. Z tego punktu widzenia, krawedz swobodng np. poélki S$ciskanej
(wspornikowej), wzmacnia si¢ czesto usztywnieniem krawedziowym, powodujac wzrost
naprezen krytycznych wyboczenia [1]. Zmienia si¢ takze posta¢ utraty statecznosci
przekroju z wyboczenia lokalnego na wyboczenie dystorsyjne lub interakcyjng forme obu
postaci. W wielu technicznie waznych przypadkach obcigzenia, usztywniona potka
ksztattownika jest rownomiernie $ciskana i wystgpuje wzdluzna zmiennos$¢ naprgzen na
dhugosci segmentu preta. Scianke taka mozna w praktyce analizowa¢ jako jednostronnie
sprezyScie zamocowang ,ha obrot” plyte wspornikowg z podatnym ,na ugigcie”
usztywnieniem drugiej krawedzi. W pracy [2] przedstawiono wyniki badan stateczno$ci
ptyt wspornikowych z podluzng krawgdzia swobodna przy wzdluznej zmiennoS$ci
naprezen i granicznych warunkach podparcia drugiej krawedzi.

W niniejszej pracy zajeto si¢ statecznos$cig sprezyscie zamocowanej ,,na obrot”
polki sciskanej (plyty wspornikowej) z podatnym ,,na ugigcie” usztywnieniem krawedzi,
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Rys. 1. Wydzielona z segmentu preta cienko$ciennego potka $ciskana
2. FUNKCJA UGIECIA SPREZYSCIE ZAMOCOWANEJ PLYTY WSPORNIKOWE]J

Do aproksymacji postaci wyboczenia spr¢zysScie zamocowanej ,,na obrot” plyty
wspornikowej zaproponowano i przetestowano funkcje postaci skonczonego szeregu
sinusowo - wielomianowego. Dla wskaznika utwierdzenia krawedzi podtuznej x
(zmieniajacego si¢ od 0 (p) do 1 (u)), funkcje ugiecia ptyty zapisano w postaci (1):
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|r ( ve  [v) ] & Y p1| (i
W (X, Y) =t fia | (—r)=>rn| =] [+ | == l-sin : (@8]
i=1 L

gdzie:
t,,
xk =1/(1+2D,/b,C,) - wskaznik utwierdzenia krawedzi podpartej,

b,, I, - grubo$¢, szeroko$¢, dtugosé plyty (Scianki s),
C, - sztywno$c¢ obrotowa krawedzi plyty,

D, - ptytowa sztywnos¢ zginania,

fi,, f, - bezwymiarowe, swobodne parametry funkcji ugigcia.

Wspdtczynniki Kk naprezen krytycznych (o,=Kog) wyboczenia lokalnego,
dystorsyjnego lub interakcyjnego wyznaczono metoda energetyczng. Na Rys. 2 pokazano
wykresy wspotczynnikow Kk plyty wspornikowej z usztywnieniem krawedzi dla x=0.5 i
réznych warto$ci parametru (m =1- o1/cq , por. Rys. 1) liniowego rozktadu naprezen.
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Rys. 2. Wykres wspétezynnikow k dlax = 0.5 m =0, 0.25, 0.5, 0.75, 1
3. PODSUMOWANIE

Uwzglednienie wzdtuznej zmienno$ci naprezen i sprezystego zamocowania ,,na
obrot” krawedzi podpartej potki usztywnionej ksztattownika cienkosciennego pozwala na
doktadniejsza oceng naprezen krytycznych miarodajnej postaci wyboczenia. Naprezenia
te stuza do szacowania no$nos$ci przekroju np. metodg przekroju efektywnego.
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LOCAL BUCKLING AND INITIAL POST-BUCKLING
BEHAVIOUR OF THIN-WALLED CHANNEL BEAMS

C.SZYMCZAK
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M. KUJAWA
Department of Structural Mechanics, Gdansk University of Technology
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1. LOCAL BUCKLING

Thin-walled cold-formed channel beams undergoing pure bending is considered.
The flat single and double bends flanges are taken into account (Fig. 1). Local buckling
and initial post-buckling behaviour of the compressed flange of the element is
investigated. A simple axially compressed column elastically supported along the edge of
flange and web connection is taken into consideration as a model of the flange. The total
potential energy of the flange is described as a sum of the internal strain energy related to
bending and torsion of the flange and the external one dealing with the uniformly
distributed elastic springs along the flange edge. Additionally the longitudinal normal
stresses o produce the external potential energy. The governing fourth order differential
equation for displacement of the flange centre of gravity v (z) is derived with aid of the
total potential energy stationary principle (1)

vV oy 2av"+ gV =0 (D)

where: «, S - coefficients expressed by means of the beam geometrical and mechanical
parameters and the normal stress o.

Using the boundary conditions, solution of Eqgn. 1 leads to the critical buckling
stress oy, and the buckling mode. Numerical examples dealing the simply supported
beams and with the single and double bends flanges are provided. Moreover, the number
of half-wave m of the buckling mode is determined to obtain the critical stress minimum.

2. INITIAL POST-BUCKLING BEHAVIOUR

In order to examine the initial post-buckling behaviour of the flange the additional
nonlinear terms in the strain-displacement relation are taken into description of the total
potential energy of the flange. Similarly as above, using the stationary energy principle
the governing nonlinear differential equation of forth order for the displacement of the
flange centre of gravity v (z) is found. The solution of the nonlinear equation is obtained,
by means of the perturbation approach (2), as a series of the linear differential equations.

2 3
V=gV + &V, + &7V + ..

- @ 2 __(2)
O'—Gcr+80' +& O + ...

O]
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where:
& - perturbation parameter,
v,,v,,v, - functions fulfilled boundary conditions,
o, o ® - derivatives of stress with respect to the perturbation parameter.
The perturbation procedure applied to the simply supported beam leads toc® =0,

that means the bifurcation point is symmetric and o ® > 0 defined stable points of
bifurcation (Fig. 2).
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Fig. 1. Thin-walled cold-formed channel beams undergoing pure bending
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Fig. 2. Bifurcation point and initial post-buckling behaviour

The results obtained show that decreasing of the critical buckling stress upon
inevitable geometrical imperfections is not possible. Moreover it is proved thatv, =0,
hence the flange displacement in initial post-buckling state is expressed by the maximum
deflection of the flange s as follows

v(z)=§[sin maz/l - 52M (sin mzz /1 - sin 3m7z"zll)] (3)
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POSSIBILIY OF USE “3D PRINNTING” IN STATIC AND
STABILITY ANALYSES OF THIN-WALLED STRUCTURES

L. SWIECH, M. KALWARA
Department of Aircraft and Aircraft Engines, Rzeszow University of Technology
Powstancow Warszawy 8, 35-021, Rzeszow, Poland

1. INTRODUCTION

Currently, a significant increase in interest of additive manufacturing can be
observed. Technology commonly known as 3D printing seems to be good opportunity to
manufacture geometrically complicated structures in relatively simple manner. Paper
presents overview of experimental investigations carried out to determine the suitability
of the technology in the design and testing stage of thin-walled structures.

2. FUSED FILAMENT FABRICATION METHOD

Presented analyses were conducted on thin-walled structures made with use of
additive manufacturing method called FFF (Fused Filament Fabrication). Nowadays it is
one of the most widespread version of “3D printing” because of relatively low cost of
equipment and wide variety of materials from which models can be made. Described
method consists in building objects layer upon layer from molten plastic wire, called
filament. Geometrical accuracy possible to obtain is about +0.1 mm.

The scope of available materials starts from standard engineering plastics like ABS,
PC, PET, HIPS or Nylon; through biodegradable PLA or rubber-like materials, to
composites, e.g. ABS-PC or PLA with carbon fibers.

Mechanical properties of materials listed above allows to build functional mock-
ups, prototypes or even short series of complete products.

2. EXPERIMENTAL INVESTIGATIONS

Paper presents result of research program started from testing of mechanical
properties carried out on specimens fabricated from different materials. Main parameters
of “printing” process and its influence on material’s properties were also under
consideration.

Next stage of research include manufacturing of structures, geometrical deviations
measurements were capture with use of white light scanner. Experimental tests were
conducted with use of strength testing machine and deformations were measured by
Spatial Digital Image Correlation system (3D DIC).

Range of tested structures covers stiffened plates and panels subjected to shear and
compression. Fig. 1 consists example results of postcritical deformation measured for
thin-walled cylinder, fabricated from Nylon filament, subjected to compression.
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Fig. 1. Example of printed, thin-walled cylinder subjected to compression.
Postcritical deformation (left photo) and
displacement field measured by DIC scanner (right photo)

4. CONCLUTIONS

To sum up, the conducted researche proofs concept of use “3D printing” in
experimental investigation of thin-walled structures. Simultaneous use of 3D DIC
systems for deformation recording seems to be particularly useful for verification of
numerical analyses e.g. by FEM method conducted in geometrically nonlinear stage of
deformation.

This publication proposal was made under financial support of The National Centre
for Research and Development under grant agreement number LIDER/011/443/L-
4/12/NCBR/2013.
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IMPERFECTION SENSITIVITY ANALYSIS OF
COLD-FORMED STEEL MEMBERS

V. UNGUREANU, D. DUBINA
Politehnica University of Timisoara, Timisoara, Romania
Romanian Academy — Timisoara Branch, Timisoara, Romania

A. MADEO, G. ZAGARI, G. ZUCCO, R. ZINNO
MODELING Department, University of Calabria, Cosenza, Italy

The design of cold-formed steel members is generally dominated by interactive
buckling. The evaluation of their structural performance requires to account for the
presence of local, distortional and global buckling and their interactions [1]. It is well
known that experimental limit loads are much lower than predicted by buckling loads,
due to the presence of imperfections in real context and interactive buckling that affect
the load carry capacity [2+4]. The presence of imperfections greatly influences the
structural behaviour. Therefore it is necessary to evaluate the imperfection sensitivity of
these members. Imperfection sensitivity analysis requires the identification of a large
number of buckling modes and their interaction. Because of the large number of possible
modes and the uncertainly about which ones produce the most dangerous interaction
among them, such analysis is prohibitively time consuming.

Path-following analyses based on Riks’ method [5] are often used. In spite of the
simplicity of its numerical implementation, Riks’ method suffers in the case of multiple
bifurcations, and moreover the analysis must be fully repeated for each imperfection,
making impracticable when combined with Monte Carlo simulation.

The finite element implementation of Koiter asymptotic approach [6] allows to
evaluate the pre-critical and initial post-critical behavior of slender elastic structures, also
in the presence of strong non-linear pre-critical and in the case of interactive buckling
[7, 8]. The method is considered very attractive for its advantages in respect to path-
following approach. These consist in an accurate post-buckling analysis and in an
efficient imperfection sensitivity analysis with low computational cost. The main
difficulties arise in the availability of geometrically coherent structural model and in an
accurate evaluation of their high order energy variations. The use of corotational
formulation, within a mixed formulation, allows to have a general finite element
implementation of Koiter analysis [7].

Therefore, the aim of this work is to apply a robust and efficient methodology [9] to
study the imperfection sensitivity of cold-formed steel rack members in compression,
with and without perforations [3], as shown in Fig. 1. Using a Monte-Carlo simulation,
for a random sequence of imperfections assumed with the shape as linear combination of
buckling modes, the equilibrium paths for the imperfect structures are recovered. The
load carrying capacity is evaluated statistically. The worst imperfections are detected and
the limit load is obtained so allowing the evaluation of erosion of critical bifurcation
load [2], as shown in Fig. 2. The maximum erosion detected correspond to the length
L=2200 mm. The figure show that brut sections have a higher limit load than net
sections, however the slope of sensitivity curves is the same.
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It can be observed that based on the above parametric study, the obtained erosion

are of 0.45 for the brut section (B) and 0.42 for the net section (N), in a good agreement
with the ones obtained in [4], i.e. 0.387 for the brut section and 0.395 for the net section.
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PLASTIC MECHANISMS FOR THIN-WALLED COLD-FORMED
STEEL MEMBERS IN ECCENTRIC COMPRESSION
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Department of Strength of Materials, Lodz University of Technology, Poland

It is very well known that cold-formed steel structures are usually made by thin-
walled members of class 4 sections and they are characterised by a reduced post-elastic
strength and by a reduced ductility. Since these sections are prematurely prone to local or
distortional buckling and they do not have a real post-elastic capacity, the failure at
ultimate stage of such members, either in compression or bending, always occurs by
forming a local plastic mechanism [1]. This fact suggests the possibility to use the local
plastic mechanism to characterise the ultimate strength of such members.

The yield line mechanism analysis has been widely used to study steel members and
connections that involve local collapse mechanisms. This method can be used to study
post-elastic behaviour, load-carrying capacity, ductility, rotation capacity and energy
absorption. A detailed history of yield line mechanism theory has been presented by
Zhao [2]. An art review of the application of yield line analysis to cold-formed members
has been presented by Hiriyur & Schafer [3] and Ungureanu et al. make an inventory,
classify and range geometrical and analytical models for the local-plastic mechanisms
aiming to characterize the ultimate capacity of some of the most used cold-formed steel
sections in structural applications [4].

Present paper is based on previous studies and on some latest investigations of
authors, as well as the literature collected data. It represents an attempt to study the
plastic mechanisms for members in eccentric compression.

The approach is a numerical one, in order to identify the plastic mechanisms of
members subjected to eccentric compression about minor axis and the evolution of plastic
mechanisms, considering several types of lipped channel sections (see Fig. 1).

e_

T y
e+
y4 y4

Fig. 1. Example of considered eccentricities

Also, positive and negative eccentricities along the symmetry axis will be
investigated, i.e. -10 mm, -5 mm, -2 mm, -1mm, 0 mm, +1 mm, + 2 mm, +5 mm,
+10 mm and +20 mm, as shown in Fig. 1.
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Fig. 2 presents some plastic mechanisms of thin-walled cold-formed steel members
subjected to eccentric compression.

Fig. 2. Plastic mechanisms of members subjected to compression and bending about minor axis
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FINITE ELEMENT MODELLING
OF BENDED LAMINATE CHANNEL BEAMS
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1. INTRODUCTION

Engineer running the computing system is focused on the development of
computational model, often without being aware of how the software is imperfect in
modelling of some phenomena, especially the stability and behaviour of the structure
after the stability loss. It is easy to overestimate the considered structure that is built
based on a wrong calculation model. Among the engineers carrying out FEM calculations
it is well known that the result often depends on the adopted boundary conditions (the
way of support and load) and way of solving issues. Analysis of nonlinear stability of
thin-walled composite structures (e.g. multilayer laminates) is very important issue. In
literature there are still not enough publications on stability and load capacity of thin-
walled composite girders loaded with bending moment [1, 2].

Fig. 1. Model 2 - loading corresponds to four-point bending test
2. NUMERICAL MODELS

For the calculations Ansys v15 finite element method software was used. Two
numerical models were prepared. Model 1 includes a fragment of the actual beam located
between the handles. The considered part of the channel beams were loaded by stress
distribution corresponding to pure bending. Model 2 (Fig. 1) includes the beam with the
handles, and the load is the same as at the test stand (four-point bending). For
discretization of the composite beam in both cases the multi-layer shell element, defined
by eight nodes with six degrees of freedom at each node was applied. In Model 2 to
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model both handles the cuboid solid element was used, defined by twenty nodes with
three degrees of freedom at each node.

3. RESULTS

On the basis of numerical calculations critical moment (M) for local buckling was
defined which for Model 1 is equal to M, = 229 Nm, while for Model 2 M, = 282 Nm.
The difference of about 20% is due to obtained different mode of deformation. In the case
of the Model 1 on compressed flange two sine half-waves appear and for Model 2 these
are three sine half-waves.

The difference between the models in the critical load is due to difference of
applying of the load and how the supports are modelled. Similar differences were
observed in the results of nonlinear stability compared between the models and the
experiment. For the case of a failure mode received from both numerical models and
experimental result they are the same (Fig. 2).

a)

c)

Fig. 2. Failure modes: a) Model 1; b) Model 2; c) Test

The paper has been written under the research project financed by the National Centre
for Science - decision number DEC-2011/03/B/ST8/06447
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CORRUGATED MAIN CORE - NUMERICAL STUDY
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1. INTRODUCTION

Many applications require the high stiffness and low weight which can be
achievable with the use of sandwich structures. Therefore sandwich structures with a
various shape of a core are commonly used in many engineering fields. The theory of the
sandwich structures are presented in many monographs, for example: Allen [1], Plantema
[2], Ventsel and Krauthammer [3]. This theory and its applications is still intensively
developed in many contemporary studies. Magnucka-Blandzi and Magnucki [4]
discussed strength and stability problems of sandwich beams and its effective design.
Magnucki et al [5] and [6] investigated bending and buckling problems of orthotropic
sandwich beams with three-layer faces. The present work was inspired also by the
results obtained in the paper [5].

The subject of the study is an orthotropic thin-walled sandwich beam with
trapezoidal core and three-layer facings. The outer layers of facings are flat, but inner
layers are trapezoidal corrugated - in perpendicular direction to the corrugation of the
main core. The beam is with crosswise corrugated main core and lengthwise corrugated
inner layers of facings. Metal of the flat or corrugated sheets is isotropic. The finite
element model is presented in Fig. 1.

Fig. 1. Numerical model of the beam with crosswise corrugated main core
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2. NUMERICAL STUDIES

The geometrically and physically linear analysis were carried out by means of
ABAQUS and ANSYS systems. The shell elements were used in three dimensional finite
element model. The simply supported sandwich beam with the length L carries
a compressive axial force F. The connection between layers of the beam was modelled by
means of tie constraints. The load and boundary conditions were applied with using
coupling constraints. The arrangement of the load and the supports is illustrated in Fig. 2.

.
77777 L

Fig. 2. The scheme of the loaded beam

The critical load and the natural frequencies for the beam with the crosswise
corrugated core are determined. The obtained in the numerical (FEM) analyses results
will be shown in figures during the Symposium.
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BUCKLING AND VIBRATIONS OF SANDWICH BEAM WITH
VARIABLE MECHANICAL PROPERTIES OF THE CORE
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Institute of Mathematics, Poznan University of Technology
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1. INTRODUCTION

The high stiffness and low weight often required in many engineering applications is
achievable with the use of sandwich structures. The theory of these structures is the
subject of many contemporary studies. There are many monographs devoted to this topic,
for example: Plantema [1], Ventsel and Krauthammer [2]. Analytical studies and
nonlinear hypotheses of deformation of the field of displacement of were carried out by
many investigators. Non-linear zig-zag hypothesis for multilayered plates were presented
by Carrera et al. [3]. Magnucka-Blandzi and Magnucki [4] and Magnucki and Magnucka-
Blandzi [5] described the strength and stability problems of a sandwich beam with
a porous-cellular core and its effective design. Magnucka-Blandzi and Wittenbeck [6]
studied compression of simply supported sandwich circular plate consisting of two
facings and a core with variable mechanical properties.

The paper is devoted to a sandwich beam consisting of two facings and a core with
variable mechanical properties (Fig. 1). The detailed investigation have been realised for
the simply supported beam subjected to axial compression. The critical load and the
natural frequency of the beam are determined.

2. ANALYTICAL STUDIES

The analytical study includes formulation of mathematical model, the crucial parts of
which are: the hypotheses related to deformation of the cross section of the beam (Fig. 1),
the description of displacement and stress fields for particular layers, formulation of
equations of motion, and their solution.

1
-(1/2+t) 1
-2 i

Fig. 1. The mathematical model of displacements and mechanical properties of the beam
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Based on Hamilton’s principle the equations of motion are derived for the
considered beam and analytically solved.

3. NUMERICAL STUDIES

The geometrically and physically linear analysis were carried out by means of
ABAQUS system. The shell and solid elements were used in three dimensional finite
element model. The connection between layers of the beam was modelled by means of tie
constraints. The load and boundary conditions were applied with using coupling
constraints. The arrangement of the load and the supports is illustrated in Fig. 2.

2

F

-
77277 L

Fig. 2. The scheme of the loaded beam

The critical load and the natural frequencies for the beam with the foam core are
determined. The results obtained in the analytical and the numerical (FEM) analyses will
be shown during the Symposium presentation.
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BEHAVIOUR OF CONCRETE FILLED STEEL BOX COLUMN
WITH CONSIDERING DETACHMENT
UNDER 3-D SEISMIC LOAD
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1. INTRODUCTION

Steel box columns used as piers of the motorway viaduct are often filled with the
concrete to improve the strength against earthquake.

One of the authors presented two papers on behaviour of partially concrete-filled
steel column in the Symposia on Stability of Structures in 2003 and 2009 held in
Zakopane [1, 2]. In the 2003 Symposium, detachment of the steel-concrete interface is
considered, and in the 2009, influence of the 3-D seismic load is presented. However, the
former study dealt with only the static loading, and the latter study was not considering
detachment.

Therefore, in the current study, a dynamic analysis is made on a steel box column
with considering detachment of the steel plate and the filled-in concrete under the 3-D
seismic load by Finite Element Method using MARC 2005r2. The purpose of this study
is to disclose influence of detachment of the steel-concrete interface of a concrete-filled
steel box column.

2. NUMERICAL MODEL AND THEORY

A typical numerical model is showed in Fig. 1. The column is fixed in all directions
at its bottom. At the top of the column, a mass of 900 tons of the superstructure is
considered and 3-dimension seismic load is applied.

In the analysis, detachment is realised by the theory of the direct constraints in Marc
2005r2 [3] (Fig. 2). The detachment analysis often requires the special contact and gap
elements. However, with the direct constraints are not required special elements.

| -
F-I||Ed--ll.'| detachment

concrete

'|

Fig. 1 Numerical model Fig. 2 Detachment of steel and concrete
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3. NUMERICAL RESULTS

In Fig. 3, the horizontal displacements at the top of the columns according to time
are plotted. In the EW direction, the horizontal displacements of model with detachment
is larger than model with no detachment, furthermore, residual displacements is
increased.

Fig. 4 shows out-of-plane deformation in steel plate. (Positive value: deformation
for the outside of column, Negative value: deformation for the inside of column). The
out-of-plane deformation in the steel plate of the model with detachment is transformed
in the direction away from the filled in concrete. It is shown that the out-of-plane
deformation behaviour of the model with detachment clearly differs from one of the
model with no detachment.
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Fig. 3 Horizontal displacements at the top Fig. 4 Out-of-plate deformation

4. REMARKS AND CONCLUSIONS

Horizontal displacements at the top of the columns with considering detachment
increase.

The out-of-plane deformation behaviour of the model with detachment clearly
differs from one of the model with no detachment.
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