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PREFACE

Some 40 universities, research institutes and enterprises have been cooperating
from the year 2006 within Metnet network. They actively utilize their mutual
connections, competitive strengths and the various cooperation possibilities.
Metnet cooperation opens new optionsforuniversitiesand research organizations
to customer- and needs-based product development, in collaboration with
enterprises in construction and metal product industries in Europe. It makes
it possible to foster innovative processes in partner organizations. Participating
organizations learn from each other and exchange relevant pieces of information
with target industries in Europe and beyond.

One of the outcomes of Metnet cooperation is the movement of researchers
internationally from one organization to another. This clearly arises from the
needs of increasing international presence of the metal industry. It also makes
it possible for the mother organizations to broaden the scope of marketing and
product development on larger geographical areas. Metnet partners help the
transfer of qualified personnel to matching jobs where they can best utilize their
abilities and to make the best use to their new working environment.

Metnet cooperation promotes regional innovation environments and
strengthens their knowledge structures, especially in the involved European
regions. Domestically, a participating partner organization represents its
regional innovation environment but simultaneously is a partner of a larger and
stronger international innovation world created by active cooperation between
the institutes and enterprises.

The annual Metnet Seminar concentrates on presenting new research results
in relevant scientific areas. In the Metnet Luled Seminar, in October 2013, a
new standard was brought about for the scientific and development papers. The
presented papers covered a number of themes covering both experimental and
numerical contributions.

The theme of computational mechanics included a paper on weight and cost
optimisation of high strength steel beams. Another presentation was made
on the optimisation of steel towers for large wind turbines. Experimental and
computational results were the focus of a paper describing innovative flangeless
connections for wind turbine towers. Two papers dealt with the fire limit state.
In one paper, numerical results were presented on the increasingly important
aspect of columns not exposed to fire on all four sides. As a step towards more
realistic analysis of structures exposed to fire, a method was presented for
the coupling of thermal response and the consequent mechanical response.
Problems related to the use of new grades of steel such as S960 were discussed
in another paper dealing with tubular trusses.

Thin walled sections were the topic of several papers. Finite Element analysis

and test results were presented on thin walled cross-sections and their joints,
on z-purlins, and on membrane structures supported by a frame of thin wallled
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boundary elements. One paper dealt with the influence of the spacing of screw
connections on the design of liner trays.

Tests were described on the monitoring of a steel railway bridge, studying the
influence of continuous welded rails, on the use of digital image correlation
in formulating the stress-strain relationship for high strength steel, and
on a technique for creating and repairing complex machine parts using
3-dimensional laser synthesis technology. Another presentation described
recent developments on maintenance-free bolts.

METNET seminars deal with not only technical aspects of metal construction,
but also issues of concern to industry on management, planning and
sustainability of projects. Thus, one paper covered the topic of university and
business co-operation and another on sustainability as a business opportunity.

Finally, a comprehensive technical note was presented on forces and stiffness
issues relating to structural bracing.

Kuldeep Virdi

Lauri Tenhunen
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DESIGN OF LINER TRAY
WITH DISTANCE SCREW CONNECTION
IN THE NARROW FLANGE

Michal Jandera
Lukas Ledecky

Czech Technical University in Prague

The paper describes an experimental and numerical study on structural
performance of cold-formed liner trays cladding system. In the described
system, the outer sheeting is connected by distance screws to the narrow
flanges of the liner tray profile. It allows additional thermal insulation
between the liner tray and outer trapezoidal sheeting (see example on Figure
1). This is beneficial for the thermal insulation and acoustics performance of
the system. As widely known and used in the current Eurocode (EN 1993-1-3
2006), when the narrow flange (restrained by the sheeting) is in compression,
the resistance of the liner tray is influenced by the longitudinal spacing of
fasteners supplying lateral restraint to the narrow flanges. In the design
procedure described here, the length of the distance screw is also taken into
account.

Vertical section

- £sz*$; 1 — liner tray
L § 2 — support/column
) L= ), ; 3 — foundation
‘ b G 4 —facade profile
$ <t 5 —sealing tape
. ), 6 — sealing tape
& 7 — polyurethane seal
/ 8 — mineral wool
h
\ ¢
‘ -

Figure 1. Liner tray wall system using distance screw.
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Six bending tests of simply supported liner trays were carried out. For all
of them, the narrow flange was in compression and distributed load was
simulated by loads at four points of equal spacing. The width of the supports
was designed so as not to affect the bending resistance. The liner tray profiles
were 150 mm height and 600 mm width of the thickness 0.75, 0.88 and 1.0
mm. The screw provided 40 mm distance between the outer sheeting and the
trays. Total depth of the system was then 190 mm. Spacing of the screws was
330 mm. Outer sheeting was made of 0.63 mm thick trapezoidal sheet. Failure
occurred between the points of application of loads.

An FE model in software Abaqus was made, using GMNIA analysis. The model
was validated using the experiment results. Despite some simplifications in
the numerical model, the agreement was found to be very good. The resistance
calculated by the model was, on average, about 2% lower with 4.8% standard
deviation. The FE model failure mode was also found to correspond well with
the test, as shown in Figure 2.

Figure 2. Failure mode of the test and FE model.

Later, based on the parametric study, a general design formula was developed.
Material strength up to fy = 420 MPa was considered. Liner tray profiles of
height 100—150 mm and thickness 0.75—-1.0 mm were used. The length of the
distance screw (the gap between the liner tray and the outer sheeting itself)
was considered as 0, 20, 40 and 60 mm. These parameters therefore set the
limits of the proposed formula.
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Variation in the spacing between the screws along the liner tray was also
considered. The spacing was assumed between 165 mm (screw in each rib of
the outer sheeting) and 660 mm. The influence of the spacing was retained
as given by Eurocode (EN 1993-1-3 2006) by the correlation factor fb. The
design formula was finally obtained as follows:

1.25
Mb.Rk =ﬁp hoTMo.Rk (1)

where B, is correlation factor:
B, =1.0 for s; < 300 mm or

Sy

=1.15-
by 2000

the liner tray profile.

for 300 mm < s4 £ 1000 mm, s; is the screw spacing along

The formula was designed to be safe in all cases. For the liner tray of 0.75 mm
thickness Equation 1 under-predicts the resistance by approx. 5% on average.
For liner trays of greater thickness, lower height, or lower yield strength than
420 MPa, the formula is even more conservative.
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THIN-WALLED CROSS-SECTIONS AND THEIR JOINTS:
TESTS AND FEM-MODELLING

Nikolay I. Vatin
Saint-Petershurg State Polytechnical University, vatin@mail.ru

Jarmo Havula
HAMK University of Applied Sciences, jarmo.havula@hamk.fi

Lassi Martikainen
HAMK University of Applied Sciences, lassi.martikainen@hamk.fi

Alexey S. Sinelnikov
Saint-Petersburg State Polytechnical University, alexey_sinelnikov@mail.ru

Anna V. Orlova
Saint-Petershurg State Polytechnical University, a_v_orlova@mail.ru

Stepan V. Salamakhin
Saint-Petershurg State Polytechnical University, ssalamakhin@gmail.com

This summary report describes the experimental and numerical research on a thin-walled
cross-section’s compression resistance and the shear strength of their joints. This work
is continuation of an earlier paper (Vatin and Sinelnikov 2013). Current situation in the
Russian market concerning the usage of cold-formed thin-walled cross-sections is aimed
at starting up stipulation of such elements in the building industry.

In this area a number of Doctoral theses have been defended during recent
yearsin Russia (Tusnin 2009, Belyy 1983, Astahov 2006). Theoretical research
and laboratory tests were done only for specific types of thin-walled cross-
sections. Jyrki Kesti contributed significantly to the development of local and
distortional buckling of perforated steel wall studs. Today thin-walled cold-
formed steel structures have a good presence in the Finnish building industry.

Steel galvanized C- and U-profiles and thermo-profiles are types of thin-
walled cross-sections which are normally used in small house construction.
Thermo-profiles have slots in webs that decrease the thermal flow through the
web, but have a negative effect on the strength of the profiles.

Reticular-stretched thermo-profile, a new type of thin-walled cross-section,
is the subject of research on reticular-stretched thermo-profiles and their

joints. The following profiles are discussed:

1. Specimen S1 (stud) — AW TCc 200-45-2,0;

2. Specimen S2 (rack) — AW ITH 200-50-2,0.

13
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Steel used for specimen production has the following parameters:

1. Steel grade S350GD (yield strength not less than 350 H/mm?);
2. Coating mass, 350 g/m?;
3. Coating thickness, 25 microns.

The research goal was to form the theoretical rationale for usage of the
reticular-stretched thermo-profile including buckling and shear strength
analysis based on the laboratory tests.

Tests were carried out in the Sheet Metal Centre at HAMK, using contemporary
laboratory stand (Instron 3250).

First stage included preparation of specimen. Support blocks were placed
inside the profile at the ends. The specimen was placed in vertical position in
the test rig using level board (Stayer Standard 3460-150_z01).

Different boundary conditions were used for the two ends of the specimen.
Three specimens had the following boundary conditions. Upper end of the
specimen had a hinged support: the load of a hydraulic cylinder was applied
through hinged block and then a thick steel plate was attached to the upper
end of the specimen. Lower end of the specimen stood on the floor and was
semi-rigid in nature.

Specimen S3 had hinged boundary conditions for both end of the specimen.
Upper end of the specimen was like for other specimen described above.
Lower end of the specimen had hinged support.

The specimen was compressed under various loads and deformations were
recorded. To obtain the buckling force a load-deformation diagram was
plotted and analyzed. From the load-deformation diagram it was determined
that buckling failure was achieved at approximately 54 kN. The buckling mode
was one half wave of the sinusoid. Some short downfall of the applied load was
observed, demonstrating that first local buckling of the web takes place and
then sudden overall buckling of the profile takes place.

The load-deformation pattern for self-drilling screws joint shows shear
behavior through the following stages: First, all the clearances are closed;
Second stage demonstrates elasto-plastic strain; Third stage is noted by the
yield, strengthening, bearing failure of the sheet and achievement of the
ultimate strength; and the Fourth stage — crushing of the joint. At the higher
load level the end of the stud contacts the rack profile placed on a rigid base.
The ultimate strength achieved was a force equal to 93 kN.

Numerical modeling of thin-walled cross-sections and their stud-to-rack
joint was done with contemporary analysis software (SCAD Office and Lira)
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using finite element method (FEM). FEM-models parameters were the same
as for the tests described above. During the modeling process the thin-walled
profile based on shell- and bar-elements and joint based on solid-elements
were created and buckling/shear analysis tasks showed good results.

Point load (80kN) was applied to the flexural center (FC) and points nearby
it to justify different type of profile deformation. It was shown that when the
load point is situated before FC (6.0, 9.0 mm from the outside surface of the
web) thin-walled profile bends inside itself. The differences between test and
FEM-modelling results are equal to 0.33 and 3.75% accordingly.

When the load point is situated after FC (11.5 mm from the outside surface of
the web). In this case the the thin-walled profile bends outwards, which was
different from the test result. The difference between test and FEM-modelling
results is greater at 6.03%.

As for screw connection it was decided to model it using two-node FE with
unilateral elastic constraint between nodes. Point load was applied to the
flexural center (FC) step by step (5.0, 10.0, 15.0, 20.0, 25.0, 30.0 kN). Real
bearing failure of the screw connection takes place due to crushing of the
element material under a load of 25 kN. The FEM-model showed that the main
stress of steel nearby connection place was approaching 335 MPa (more than
the yield strength of the steel, accordingly to Table 3.1b Eurocode 3 Part 1-3).
This is followed by large plastic deformations and round-form screw hole
changes to oviform.

Results of experimental investigation into the behavior of thin-walled cross-
sections by compression (buckling analysis) and shear strength of their
joints have been reported. For both tests numerical analysis was carried out
including bar/shell finite elements for compression and solid finite elements
for shear strength analysis.

Compression bar buckling has resulted in the axial failure of profile specimens
S3 at a buckling force 53.82 kN. Results of numerical analysis (shell finite
elements) differ from compression tests by about 4%. When bar finite element
are used, the results differed from the tests by about 22%. The analysis clearly
demonstrated that existing Russian design guidelines for thin-walled cross-
section modeling by bar finite elements is not exact and could be used only by
taking into account an extra safety factor of 1.2.

Actual bearing failure the screw connection takes place due to crushing of the
element material. Results of numerical analysis (solid finite elements) differ
from shear strength tests by only about 2%.

The experimental work was commented upon by Arto Ranta-Eskola, Director
of Research, Rautaruukki Oyj (Finland).
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FORMING LIMIT CURVE OF HIGH STRENGTH STEEL
WITH THE HELP OF DIGITAL IMAGE CORRELATION

Jukka Joutsenvaara

Kemi-Tornio University of Applied Sciences, Technology RDI Department,
Kemi 94600, Finland

ABSTRACT

Requirements for modern forming operations require in-depth knowledge of material
behaviour in various stress-strain stages. Conventional method of evaluating material
properties is the well documented and standardized uni-axial tensile test. The tensile test
provides an easy way of comparing different materials. However, the test normally does
not include data after the uniform elongation. The strain state after the uniform elongation
transforms into diffuse necking and after that to a localized necking. In order to add more
usability of acquired data it is often necessary to test material in various strain states even
up to onset of localized necking. This is due the notion that most of the forming processes
induce thinning to the part. The accuracy of estimations of thinning plays an important
role in forming process design phase, e.g. in feasibility study. One way of acquiring such
data is to define forming limit diagram (FLD) for the material. The forming limit diagram
is constructed based on forming limit curve (FLC). The tests described here were made
according to the current standard SFS-EN 1SO 12004-2 with Erichsen Universal Sheet Metal
Testing Machine, model 145-60. In conjunction, the GOM ARAMIS digital image correlation
(DIC) system was used to measure the strain field over the whole visible area of the
specimen during the test procedure. The tested steel sheet material for the following study
was thermo-mechanically hot rolled, cold formable, structural steel with the minimum yield
strength of 650 N/mm? and 3 mm in thickness. In addition to standardized test results, the
strain rate in the A-geometry is observed in the presented paper for evaluation purposes.
The usability of A-geometry strain data for a bulge stress analysis is also evaluated. The
stress strain curves obtained from these various tests are then compared. Secondly, the
strain rate of a standard tensile test specimen is compared with the strain rate of the FLC
E-geometry specimen in major strain direction. This data is gathered for future use in
research of the effect on results based on strain rates of different tests.

INTRODUCTION

Higher strengths of materials usually means lower formability. With modern
steelsitis possible to increase the formability by alloying or by novel production
methods. The use of high strength steels instead of regular mild steels in
construction and end products is one possibility to decrease the carbon foot
print. The design and usage guidelines from the manufactures offer valuable
information on how the material’s potential is best utilized in a safe manner.
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Complex forming problems, as typically found in automotive industry as
well as in various other end products, require more detailed information of
material behaviour during the forming process. Advanced forming methods,
such as deep drawing or hydroforming, are processes that require more
information than a standard tensile test can provide. A series of tests is
made with variable geometry to better represent different strain stages that
a material could exhibit during a forming process. The FLC specimen goes
through the same elongation phases as in normal tensile test specimen, but
with slightly different strains depending upon the biaxiality of the test and
on the specimen geometry. In an FLC test the specimen in pushed out of
plane by a spherical punch and the edges of the specimen are restrained by
sheet holder. The specimen experiences elongation as well as displacement
from its original position during the test due the test set-up. After the uniform
elongation is reached, diffuse necking can be clearly seen especially on
narrower specimens as with the tensile test specimens. The diffuse necking
in full round specimens are seen as a band of increased elongation around the
dome at certain distance from assumed centre point.

As the forming process progresses the correct evaluation of thinning plays
an important role. The thinning of the material determines the usability of
the end product. For test purposes, the thinning in narrowest FLC specimen
is similar to that in regular tensile test specimen. The difference in strain
behaviour and evolution grows when testing wider specimens and eventually
fully round specimen, namely A-geometry of the FLC specimens.

The forming limit is primarily material specific but also thickness of the
specimen affects the position of the forming limit curve. Also, the conventional
tensile test is widely used for comparison purposes, although the more in-
depth analysis requires additional equipment and software, for instance,
Digital image correlation (DIC) with automated strain analysis. Numerous
studies have been made in recent years about the different formability tests in
order to improve material models for the computational evaluation of forming
processes. (Ghadbeigia et al. 2010, Kim et al. 2005)

In this study the formability of Class 650 high strength steel was investigated.
The forming limit curve tests were carried out with Erichsen Universal Sheet
Metal Testing Machine, model 145-60 according to SFS-EN ISO 12004-2
which is based on the Nakajima test set-up. The maximum sheet holder and
drawing force of the test machine are 600 kN. Digital image correlation
equipment was used for measurement and evaluation of surface strains on
the specimens during the test. A continuous image acquisition during the test
was needed for complete analysis, from start to failure of the specimen. From
the selected specimens of the FLC test series additional analyses were made
and the results were recorded. The strain evolution in different specimen
geometries was also investigated in the major axis direction.
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EXPERIMENTS
Material and Specimen Specifications

The tested material is single-phase carbon steel with minimum yield strength
of 650 N/mm?. Adequate forming properties of the material are achieved by
controlling the grain size during the manufacturing process. The controlled
thermo-mechanical hot rolling process is also a key factor when determining
the strength properties of the final product. Typically the rolling process is
done below the re-crystallization temperature of that alloy in question. The
use of this steel class, instead of regular constructional steel, could provide
cost savings in materials for various constructions (Vierela 2012).

The specimen geometries for determining the forming limit curve are shown
in Figure 1. The dimensions are selected as appropriate for the Erichsen test
machine. The specimens were cut from the sheets with laser. The rolling
direction in the specimens is also determined by the used standard and it
is visible in Figure 1. The test preparation phase of the specimens includes
thorough cleaning of the surface with ethanol. The test area is then sprayed
with an even coat of matt white finishing and on top of that a stochastic spray
pattern is made with black paint. The analyser software requires the high-
contrast stochastic pattern on the investigated surface.
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Figure 1. The FLC-specimen geometries with dimensioning.
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In the other part of the test series, standard-sized tensile test specimens were
used. The test series are partly based on the previous work of the author, so the
tested material was high strength, single-phase, Class 650 steel with nominal
thickness of 3 mm. The actual dimensions for the specimens are shown in
Figure 2.

Specimen dimensioning

ag—Thickness of specimen 3.04 mm
bo—Width of gauge length 12.5 mm
L,—Total length of specimen 285 mm
L,—Gauge length 80 mm
L—Length of straight part 120 mm
R——Radius of Fillet 37 mm
W,—Specimen width 30 mm

Figure 2. Dimensions of the tensile test specimen.

As with the previous tensile tests, the specimens had an extra thinning of
0.05 mm in the middle of the gauge length on both sides. The extra thinning
was used in order to steer the deformation to the middle of the specimen
during the tensile test. The predetermined location of maximum thinning
helps the set-up phase of the optical measurement equipment for the test. The
specimen preparation for the tensile test is the same as with FLC-specimens.

Use of digital image correlation as a tool for more in-depth research has been
validated in numerous publications. Especially in formability evaluations,
such as described here, Nakajima-test and others, computerization provides
a substantial improvement on accuracy and on work load compared with,
for instance, a manual measurement of strain field on a specimen. With
the ARAMIS system, a stochastic pattern is used but in other commercial
solutions prefabricated grids, namely square or circle, are used for strain
analysis. (Banabic et al. 2010, Cordero et al. 2005, Yang et al. 2010)
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Forming limit curve test

During the test, the specimen is punched out-of-plane with a spherical punch
while the edges are locked with sheet holder. Drawbeads in the tooling can also
be used to enhance the locking of the edges of the specimen. The tests were
done at room temperature. Based on the standard, a single punch speed was
used, namely 90 mm/min, or 1.5 mm/s, during the test. In order to accurately
capture the ultimate or fracture strain on the specimen, a fast frequency of
image taking is required. The standard suggests a minimum of 10 Hz image
capture at the time of failure. Due to the memory limits of the DIC computer,
the beginning of the test was recorded with lower frequency, namely 1.5 Hz.
By minimizing the number of images, the processing time is also minimized.
A schematic view of the set-up is shown in Figure 3.

Light source

Camera Camera

Optional drawbead
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Figure 3. Schematic view of the FLC test set-up.
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The ARAMIS camera system with 65 mm focal length lenses was used
to capture the surface strains. The selected lenses were used due to the
dimensions of the test crevice. The lighting for the test set-up was provided by
a projector placed between the two cameras. The post-processing, i.e. strain
analysis, of the images was done with the 3-D Analysis software ARAMIS
from Gom gmbh (Germany). An actual test set-up is shown in Figure 4.

Figure 4. The test equipment.

Tensile Tests and Strain Measurements

A different test set-up of DIC equipment is required for the tensile test due to
the proximity of the specimen. A 23 mm focal length lens with polarized filters
and light sources were used for the test. The ARAMIS system was connected
with the Zwick Roell 250 kN tensile test machine through I/0O ports in order to
get synchronised data from the load cell and extensometer during the test. The
test speeds were matched with the strain rate from the FLC-test E-geometry.
The equipment for tensile test is shown in Figure 5.
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Figure 5. Set-up for the tensile test.

Images were recorded at two frequencies, namely 1.5 Hz and 10 Hz as with
FLC-specimens. The resolution of images for the analysis was 2448 x
2048 pixels. The post-processing of the captured images was done with a
3-D Analysis software ARAMIS from GOM gmbh (Germany). After post-
processing, the displacements and strain information of the whole visible
surface of the specimen is acquired. The accuracy or level of detail, of the
measurements depends also on the selected measuring volume which in turn
is defined by the proper selection of lenses and their aperture values. (GOM
gmbh 2008)

In the ARAMIS software, the same facet size was used for the both of the
measurements. The facet size, i.e. the smallest software generated local
extensometer, is also one of the factors that affect the scale of the results.
The smaller facets provide more detailed information but also require more
computational time in the main computer.

The DIC measurements have been widely used in various studies and research.
Advances in photogrammetry equipment have also improved the quality of
the data acquired from these measurements. The measurement procedure
with non-contacting optical method provides faster testing with continuous,
high resolution data. For instance, the scope of usage can be seen in various
publications and conference proceedings. (Proulx 2013, Banabic 2010)

RESULTS
Curves from FLC-tests

The Forming Limit Diagram (FLD) is constructed based on the forming limit
curve and corresponding strains in the two principal axes. The FLD describes
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the material properties and behaviour in strain inducing forming processes.
The acquired FLD is shown in Figure 6.

Forming Limit Diagram
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Figure 6. The Forming Limit Diagram of tested material.

Surface Strains and Strain Evolution in FLC-tests

With full-field optical analysis, it is possible to acquire surface strains of the
visible surface. From that image sequence various data could be constructed
depending on the research topic. The surface strains tell how the material
behaves in particular forming process. For successive forming process, it
is important to know the limits for safe and unsafe strain combinations in
principal directions. When the strains supersede the forming limit curve,
various failures are expected, for instance, wrinkling, excessive thinning,
shearing. In Figures 7 and 8 can be clearly seen the evolution of surface strains.

100
3 80 ‘,
= ——Paint 0
§ 60 | ,
b= ~—Point 1
"2-‘ 40 ——Point 2
T — 2
s 2 Point 3
0
0,0 10,0 20,0 30,0

Test time [s]

Figure 7. The major strain evolution of selected points on specimen surface.
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Figure 8. The surface strains of A-geometry specimen during the test.
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The strain rate information is also easily acquired due to the combination
of image acquisition and analysis equipment and software. In Figure 9 are
shown the strain rates of selected points on the specimen surface during the
test. As with any tests that evaluate the forming limits, the end of the test
shows sharp changes in strain rate. This is closely related to the onset of the
diffusion and local necking of the material. In the Figure 10 are shown few
images of the analysed surface during the test overlaid with the strain rate

information.
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Figure 9. The major strain rate evolution during the test.
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Surface Strains and Strain Evolution in Tensile Tests

One of the most commonly used forms of data collected from a tensile test is
a stress-strain curve. It holds information that is used to compare different
materials or to determine their stress bearing capacity. The same surface
parameters along with strain and other derivative data can be processed from
the optically constructed surface analysis. For instance, a strain in different
parts of the tensile test specimen can be easily viewed with the help of full-
field analysis. Example views from standard tensile test are seen in Figure 11.
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Figure 11. The major strain (1) and major strain rate (2) evolution during the tensile test.

Surface Strains and Strain Evolution in E-geometry of FLC-test

The E-geometry specimen of FLC-test series is the closest to a tensile test
specimen, so it is used to evaluate the strain rate. From the analysis and by
visual estimation, it is seen that the test speed resulting from FLC-testing
would require tenfold increase in speed of the crosshead of the tensile test
machine, in order to match the test time length. The major strain and major
strain rate of two selected points on the E-geometry specimen’s surface are
shown in Figure 12.
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Figure 12. The major strain (1) and major strain rate (2) evolution on E-geometry specimen.

In addition to the surface strains shown in previous figures, side view of the
recognized surface show clearly how the diffuse necking has evolved during the
test. The curvature and evolution of strain localization is shown in Figure 13.
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Figure 13. Curvature of the E-geometry specimen before failure.
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Flow Stress Curve Based on FLC-test A-geometry

Normally, the flow stress is determined by hydraulically bulging of the specimen
out of plane in a test rig. At the same time surface strains are obtained with
non-contacting optical measuring system. The forming pressure is recorded
by a pressure gauge. The momentary curvature of the surface is required to
complete the equation for the flow stress. The curvature is acquired by using
an analytical best-fit circle on the recognized surface. With the GOM ARAMIS
system, the flow stress is obtained by executing analysis macro with some user
interaction. A liquid forming medium is normally used for the test in order to
eliminate the effect of friction that would normally occur when using solid,
contacting punches and dies. (GOM gmbh 2008)

The FLC-tests described here were done with complex lubrication system which
offers nearly frictionless conditions during the test. Therefore, the usability of
full circle, A-geometry specimen with surface strains, curvature and punch
force data is evaluated for flow stress estimation. With aforementioned analysis
macro and the relation of bulge pressure and punch force from previous tests,
a flow stress curve was obtained. The flow stress is shown in Figure 14 along
with other stress strain curves obtained by the author in previous work.
(Joutsenvaara 2012)

DISCUSSION AND CONCLUSIONS

Inthispaper, the forminglimit diagram was constructed for the tested structural
steel with the nominal yield strength of 650 N/mm? and 3 mm in thickness. The
forming limit curve was made according to the current standard SFS-EN ISO
12004-2 with Erichsen Universal Sheet Metal Testing Machine, model 145-60.
The test parameters were given in order to ensure similar conditions for future
tests.
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Figure 14. Comparison of various stress-strain curves obtained by the author.
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The strain values on the surface of the A-geometry were recorded as well as the
strain rate during the whole test phase. To further clarify the strain evolution
during the test phase, selected graphs and images were presented. In order to
add comparison to a standardized tensile test, the strains on the tensile test
and E-geometry specimen surface were presented. The strain rate is roughly
three times higher in FLC E-geometry specimen compared to the tensile test
specimen. In the case of the A-geometry, the major strain rate is roughly twice as
high as in the tensile test specimen. For estimation purposes, the higher strain
rates should indicate higher stresses and lower ultimate elongation. Based on
the results presented here, the comparison of different material tests based on
their strain rates is one of the future research topics. This requires also the
evaluation for different kind of real forming processes with real products.
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Continuous welded rail (CWR) is used as standard on almost all modern
railway bridges. However, this results in the interaction between CWR and the
bridge structure, generating not only longitudinal forces on the substructure,
but also significant additional stresses in the rail. Unfortunately, the input
parameters for performing numerical analysis are not easily accessible and
they vary significantly in different sources. Because of that, extensive long-
time monitoring of the rail-bridge interaction was performed on a bridge
with the unusual combination of ballast track, direct fastening system and
barrier in the ballast. The paper presents the results of the monitoring and the
analysis and evaluation of formulas, defining the fastening nonlinear stiffness
of track to bridge connection.

The old railway bridge in Kolin with a clearance of 4.37 m was, for a long time,
a critical point on the Elbe water way. In order to increase the clearance to
5.25 m, and in the future up to 7.0 m, the bridge was completely refurbished
in 2010.

Figure 1. The bridge elevation.

The new bridge consists of the fixed part, made as truss steel structure with
the ballasted bed, and the potential lift span with direct fastening. The reason
for using direct fastening is the very limited clearance. The superstructure
consists of four simply supported spans of 32+49+28+20 m. Building height of
the fixed part is 1500 mm with a lift span of 1000 mm (see Fig. 1).
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One of the most difficult problems during the bridge design was caused by the
continuous welded rail. It was influenced by a number of complications:

« the small rail radius of the curvature, which resulted in the use of
sleeper anchors;

« the combination of the ballasted bed and direct fastening;

« solving the transition from ballasted bed to direct fastening, including
the barrier in the ballasted bed (see Fig. 2);

« long dilatation length, which had exceeded the standard limits.

The unusual solution of the CWR resulted in the necessity of establishing the
long term monitoring of the CWR behaviour, including its interaction with
the bridge. The monitoring started in summer 2010 and finished in October
2011. Thus, one full year was measured, including summer hot and winter
cold temperatures.

The rail stress level was established for different temperatures. Extreme values
were achieved over Pier 1, where the dilatation length is extreme. Interesting
result is that the stress in the ballasted bed is higher than stresses reached
on the direct fastening. It can be sometimes observed, that the stiffness of
the ballast depends on the temperature. That dependence can be significant,
when the water in the gravel freezes and increase its stiffness. To check that
phenomenon on Kolin bridge, a total of 200 days were chosen in order to
evaluate the influence of temperature on the longitudinal resistance, showing
significant change of the bridge temperature had occurred.
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It is clear from Fig. 2, that the stiffness of the ballast is almost independent on
the temperature. It means that the freezing of the ballast did not occur on that
bridge, although a lot of snow was noticed during the monitoring.

The 3D FEM computer model in software Scia Engineer 2008 was created, in
order to verify the experimental data and evaluate the longitudinal stiffness
and resistance of the track. The model included the bridge structure and the
adjacent 100m of the rail and substructure. The connection between the rail
and the bridge was modelled with fictive stiff members with nonlinear stiffness
in all directions, representing the vertical, transversal and longitudinal rail
stiffness.

The relation between longitudinal resistance and the track/bridge displacement
was established for the ballasted bed and also the direct fastening. The results
were then compared with the experimental data. The longitudinal resistance
function is shown in Fig. 3.
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Figure 3. The relation between longitudinal track resistance on relative displacement for ballasted track and
direct fastening.

The following conclusions emerged from the monitoring and the analysis of
results:

« the coefficient of the equivalent thermal expansion were higher, than
can be found in the literature,

« the functions of the longitudinal track resistance were evaluated, both
for ballasted track and direct fastening,

« there were no signs of the temperature effect on the ballast stiffness,
+ no significant impact of the ballast barrier on rail stresses was observed,

« the extreme stresses in the rail were found not on the direct fastening,
but in the ballast.
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ABSTRACT

Creation of new products and restoring worn items by traditional process is quite hard
to perform and is expensive both in material and energy consumption, as also on time
resources. The main objective of this study is to establish a technique and conduct repair
of intricate parts with high surface hardness (up to 50-60 HRC). As a result, after the
material selection, different brands of powders based on Fe, Ni, Co-Cr were tested. To
find the optimum sintering and welding conditions in the process the following parameters
were varied: laser power, the depth of sintered layers and the time of exposure to laser
radiation. After selecting optimal operating system, restoration of a number of details was
carried out. Results of hardness measurement of restored parts showed the correct level
(about 53-55 HRC). The experimental results demonstrate that the technology of selective
laser sintering and laser cladding allows obtaining products of a complex dimensional
form with micro hardness parameters that approach the value characteristic of the products
obtained by traditional methods.

METHODS AND MATERIALS

At the present time global market demands new approaches and technologies
which allow creation of high quality goods and to reduce energy and material
consumption. One of the most important tasks at present is the problem of
hardening and recovery of heavy-duty parts and products in various fields of
engineering, including arctic and agricultural machinery. For these purposes
use is made of different technologies of cladding and surfacing. There is a
number of cladding and surfacing technologies which may be used in different
ways of energy supply to the base metal and using different powder materials.
Most of the technologies have relatively low deposition locality energy input,
resulting in a heat affected zone of great thickness. This, in turn, causes a
significant reduction in the properties of the hardened layer. In addition, the
hardened layer is subjected by internal stresses, resulting in deformities of the
work pieces. The above mentioned causes significantly restrict the use of such
surfacing technologies as plasma, arc and flame.

Today, technologies of producing complex parts and functional coatings from
metal powder materials by laser radiation are developing rapidly. In order to
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obtain functional coatings, creation and restoration of parts and products of
complex geometry, including those damaged during operation, the technology
of laser cladding and sintering of bulk objects is unique, allowing achievement
of required operational characteristics, defined geometric dimensions of parts
and coatings, as well as the opportunity to receive new composite materials,
even from immiscible components. Relating to parts recovery technology
and coatings processes technology from metal powders, laser bulk cladding
is considered as a promising method. One such method is the LENS (Laser
Engineered Net Shaping) technology.

In the schematic bulk laser cladding process, a high-power laser beam
(Fig. 1) is focused on a metal surface that leads to formation of a local
microscopic liquid melt bath. Inert carrier gas argon is injected into the melt
bath portion of the metal powder. After laser beam exposure, the molten metal
immediately solidifies, and by the addition of the powder into the molten
bath the part surface thickness is increased. Thus, as a result of a systematic
scanning of the surface of the part by alaser beam with simultaneous injection
of powder are formed first and subsequent layers of the part which is being
created. This method allows the use of almost any metal powder and alloy
powder that can be melted by a laser beam without evaporation.
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Figure 1. Scheme of LENS technology.

Due to ultrafast crystallization of the melting bath the building part has ultra-
fine-grained or amorphous structure. According to the results of comparative
tests on its mechanical properties, these parts in some cases become far
superior than the parts obtained from similar alloys by traditional production
methods (casting, stamping).



Table 1. Chemical composition of powders.
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Element R6M5 1560 PR-H30SRNDYU
Ni - 73,3 1,46
Fe 80 3,7 55,1
Cr 3,5 14,8 32
B - 3,1 1,9
Al - - 0,43
Si - 4,3 3,6
Vv 1,7 - -
W 7 - -

Mo 6 - -
C - 0,8 4,9
Cu - - 0,48
Mn - - 1,2

For experiments on protective coatings deposition by bulk laser cladding, the
following powders were selected: R6M5, 1560 Hoganas, PR-H30SRNDYU
JSC “Polema”. The chemical composition of the powders was investigated by
the X-ray fluorescence analysis and results are presented in Table 1. Plates
were made from steel 20 and were used as the substrates.

Table 2. Powders cladding conditions.

Laser power, W | Substrate scanning | Feed rate, g/s Hatch,

Powder speed, m/s mm
R6MS 400 0,013 0,23 0,23
1560 320 0,015 0,18 0,23
PR-H30SRNDYU 350 0,015 0,20 0,23

Table 3. Results of Rockwell hardness measurements.

Powder

Ne R6MS 1560 PR-H30SRNDYU

measurement

1 61,6 65,1 67,4

2 61,8 64,6 68,6

3 61,4 65,9 67,9

Average 61,6 65,2 68,0
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RESULTS AND DISCUSSION

Selection of optimum modes is to choose the laser power, substrate scanning
speed, powder feeding rate, and the distance between the laser beam passes.
Based on the experience of working with similar chemical composition
powders, LENS main parameters for each powder are summarized in Table 2.
The results of Rockwell hardness measurements are summarized in Table 3.
SEM graphs of the coatings prepared in transverse direction are presented on
Figures 2—4.
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Figure 3. SEM graphs of the coating with 1560 powder. Figure 4. SEM graphs of the coating with R6M5 powder.
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From the obtained results it is clearly seen that the coatings obtained with
powders 1560 and PR-H30SRNDYU have the highest hardness but are fragile
as evidenced by the cracks (Fig. 2 and 3). Their formation is explained as
follows: cladding with the direct feed of powder in the area of laser radiation
leads to the formation of large amount of carbide and boride compounds in
the structure of coating. It affects the physical and mechanical properties
of coatings. The formation of these compounds due to the presence in the
chemical composition of powders carbide and boride generating elements
confirms the tendency to cracking. Sample obtained from the powder brand
R6M5 has stable hardness at all points of measurement and the absence in the
chemical composition of carbide and boride generating elements reduced the
risk of cracking to a minimum (Fig. 4).

SUMMARY

Analysis of the results leads to the conclusion that it is most appropriate to use
laser cladding powder with low-carbide and boride generating elements (e.g.,
R6M5), giving a high surface hardness and a reduced tendency to cracking.
Laser cladding technology LENS by high coating properties gives the prospect
of increasing the resistance of the most heavily loaded local areas of different
parts of the Arctic and agricultural equipment. In addition, the laser cladding
can be successfully used for repair and rehabilitation of worn out sections of
parts due to the high mechanical properties of the coating and the absence of
deformation.
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ABSTRACT

Weight and cost optimization of welded beams in steel grades $355, $500 and 5700 is
considered in the paper. The aim is to study the utilization of high strength steels in welded
geometrically double-symmetric I-beams by optimizing simply supported beams under
uniform lateral load. The homogenous $355 profile works as the reference case. For higher
steel grades, $500 and $700 are available. Shear and bending resistance are included,
but lateral torsional buckling is neglected. Hybrid beams are are also studied. In a hybrid
cross-section, the steel grades of the flanges are higher than for the web. Cross-section
class may vary from 1-4 following Eurocodes. The resistance rules of Eurocodes at room
temperature are used as constraints in the problem when they are available. For hybrid
cross-sections rules available in the literature are used to check the resistances. Weight
and cost are used separately as optimisation criteria, such that each considered beam is
optimized both for weight and cost. The geometries of the members are extremely simple
and do not include any fittings or other features for joints. The costs include fabrication,
transportation and erecting on site. The fabrication costs include materials, flame cutting,
welding, sawing and painting with all costs needed in the workshop, such as real estate,
energy, labor etc. The optimization is performed by the Particle Swarm Optimization
method. The design variables are the cross-section dimensions of the members in the
range which is typically used in practice, meaning discrete values. The results show that
while significant weight reductions can be achieved by HSS, the cost savings remain
moderate.

INTRODUCTION

High strength steels (HSS) are currently used in other applications than
buildings. Nevertheless, HSS may be used cost effectively in buildings, as well.
Proper information on the economy of HSS in building applications including
not only material costs but also other costs, such as fabrication, transport and
erecting on site is missing. The purpose of this paper is to provide insight on
how to utilize the higher strength of available steels. This question is answered
by finding the weight and cost optimal solutions for geometrically double-
symmetric welded I-beam that is used as an example structure. By employing
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optimization, the full potential of HSS can be discovered, as the solutions can
be totally different from conventional designs.

For cost calculations, the method proposed in (Haapio, 2012) is used along
with typical Finnish price levels. As publicly available experimental and
measured data of fabrication cost is scarce, relative material cost data for
different steel grades based on (Johansson, 2005) and cost factors for welding
and sawing with relation to fabrication of S355 steel members are employed.

The beams made of S355 are used as a reference to which the solutions
obtained by HSS are compared. S500 and S700 are chosen as the HSS grades.
Hybrid beams are also considered, i.e. the flanges can be of different grade
than the web. Furthermore, the top flange can be of different grade than the
bottom flange.

The paper is organized as follows. First, the minimum weight and minimum
cost optimization problems are formulated. This part consists of writing the
expressions for the objective functions and introducing the constraints as well
as the design variables. Then, the results of optimization are presented with
discussion on the characteristics of the optimum designs. The paper ends with
conclusions drawn from the study.

PROBLEM FORMULATION

The geometry of a simply supported beam under uniform later load considered
for weight and cost minimization is shown in Figure 1. The beam is optimized
for several loads and spans. The cross-section is geometrically double-
symmetric I-profile.

Formulating an optimization problem requires identifying the design
variables, the objective function and the constraints. In the present study, the
design variables are the dimensions of the cross-section. The design variables
are collected into a vector, denoted by (see Figure 1)

x={bf tf hw tw} )

Variables tf and tb can take values from the discrete set T, which contains the
following 19 elements:

T=1{5,6, 8,10, 12, 14, 15, 16, 18, 20, 22, 25, 30, 35, 40, 50, 60, 80, 100} [mm]  (2)

The flange width and web height are to be chosen from the discrete set of
integer values ranging from 100 mm to 1000 mm in 10 mm intervals. That is
bf, hweB={100, 110, 120, ..., 990, 1000}.
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Figure 1. Simply supported beam to be optimized and the geometrically double-symmetric cross-section.
Note that the yield strengths of the flanges need not be equal, i.e. fyt+fyb is allowed.
Objective functions

In this study, both the weight and fabrication cost are chosen as objective
functions. The weight is written as

Wx= pL2Af+Aw=pL2bftf+hwtw (3)
where p = 7850 kg/m3 is the density of steel and L is the length of the beam.

The manufacturing cost function is based on the work of (Haapio, 2012). The
manufacturing processis divided into cost centers, each containing a set of cost
components such as labour, material, equipment, energy, and real estate. The
main task is then to devise appropriate expressions for the cost components of
every cost center. These expressions depend on the specific technologies used,
and they contain many parameters that must be obtained by measurement.
Unless otherwise stated, the default values found in (Haapio, 2012) are used
for the parameters appearing in the cost function. Here, the parameter values
are combined to single numbers, when possible.

The cost function can be written as
Cx=CMx+CBx+CCx+CSx+CWx+CPx+CTx+CE(x) @)
The material cost is

CMx=cMpL(cM,tAfx+cM,wAwx+cM,bAfx) (5)
where cM=0.7 €/kg, and cM,i and Ai are the cost factor of the steel grade and
the cross-sectional area of plate i. For S355, cM,i = 1.0, for S500, cM,i = 1.15

and for S700, cM,i= 1.30.

The blasting cost depends on the number of plates and the length of the beam.
Itis

CBx=33.6447-10—4L ©6)
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The cutting cost can be expressed as
CCx=1.3227TNCu+TPCux+TPCux(cCCux+ cEnCu) ()]
where the non-productive time TNCu=3.0 min. Depending on the plate
thickness, either flame cutting or plasma cutting is used. For plate thickness
up to 30 mm, plasma cutting is used. The productive time is

TPCux=LCu(x)8.9212t2-486.87t+8115.8 ()]

where t is the thickness of the plate. The cost of cutting consumables is
c¢CCu=0.38 €/min and the cost of energy is cEnCu=0.12 €/min.

For flame cutting, productive time and cost of consumables are
TPCux=LCu(x)—4.1939t+658.67 (9
cCux=0.22+4.18(1-10-5t24+0.001t+0.0224) (10)
whereas the torch’s energy consumption is neglected, i.e. cEnCu=o0.

The length of the cut is LCux=2(bf+L) for the flanges and LCux=2(hw+L) for
the web.

The cost of welding the plates to form the actual beam can be expressed as
CWx=1.3627TNBW+TPBWx+TPBWx(cCBW+ cEnBW) (1)

where cCBW=0.08 €/min and cEnBW=1.36 €/min. Furthermore, TNBW=6.25
min. The productive time is written as

TPBWx=7.85-10-6Lwaw214=7.85-10—6LwCw2tw214 (12)

where Lw=L is thelength of the weld, and Cw is the weld size factor that depends
on the grade of the web (Table 1). The expression of Cw(x) is for welding of one
flange. For the whole beam, both flanges need their own expressions. In order
to take into account the expense of welding high strength steels, cost factors
are introduced. These factors are given in Table 1.

Table 1. Cost parameters for different steel grades.

Grade | ¢ | Welding factor | Sawing factor
S355 | 0.55 1.0 1.0
S500 | 0.80 1.25 1.15
S700 | 0.82 1.5 1.3

The sawing cost is written as

CSx=1.2013TNS+TPSx+TPSx(cCS(x)+ cEnS) (13)
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The non-productive time, TNS=4.5+L/20000 min, and the cost of energy
is ¢EnS=0.02 €/min. The productive time depends on the position of the
cross-section, when it is sawn. It is assumed that the geometrically double-
symmetric profile is laid on its side such that the flanges are considered to be
sawn vertically and the web horizontally. For taking into account the higher
steel grades, cost factors are introduced to the productive time, see Table 1.
The cost of consumables includes the wear of the saw blade. It depends on the
plate thickness and on the productive time. For details of productive time and
sawing consumables, see (Haapio, 2012, pp. 39—42).

The painting cost includes also the cost of drying and it can be written as
CPx=4.1710-6LAu(x)+0.36L-1-10-3WAmMinx-110-3 (14)

where Aux=3bf+4tf+2hw—2tw is the painted area per unit length, and
WAminx=bf is the smallest width dimension of the beam (it is assumed that
bf<hw).

The transportation cost is expressed as

CTx=Vx0.0106dws+1.2729, if W(x)/V(x)<264Wx4-10-5dws+4.8-10-3,
otherwise (15)

where Vx=Lbf2tf+hw is the volume occupied by the beam and W(x) is the
weight ofthebeam. The conditional definition states thatif the weight to volume
ratio is below the given limit, then the transportation cost is determined by
the volume of the beam. Otherwise, the cost will be determined by the weight.

Finally, the erecting cost of the beam can be written as
CEx=TEcLE+cEqEuUE @16)

where cLE=3.1 €/min is the cost of labor, cEqE=1.3460 €/min, and uE=0.36.
The time needed for erecting the beam is

TE=L30000+Ls27+20.5nb—0.42+Ls36 (17)

where Ls=15 m is the distance from the lifting area to the final position, and
nb=6 is the number of bolts per joint. The erecting time consists of moving the
main lift from one end to the other, lifting the beam, joining the beam to the
main structure, and returning the hook to the lifting area. It is assumed that
five workers are included in the erecting process, and that the beam is lifted
by a crane with lifting capacity of 25 tons. It is assumed that the beam is lifted
to 10 m. This is reflected in the equipment cost. Note that the erecting cost
depends only on the length of the beam, as the number of bolts per joint and
the capacity of the crane are fixed.
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Constraints

The constraints of the optimization problems are derived from the Eurocodes
(EN 1993-1-1, 2005; EN 1993—-1—5, 2006). They ensure that the solution has
sufficient moment and shear force resistance, and that the top flange does not
buckle against the web. Finally, the displacement of the beam is limited.

The moment resistance constraint is
MRd(x)>MEd 18)

If the cross-section belongs to Class 1 or 2, plastic design is applied and MRd
is the plastic moment of the cross-section. If the web is in Class 3 and the
top flange in Class 1 or 2, then the plastic moment of the cross-section with
effective web is used. For Class 3, elastic bending resistance is used and for
Class 4, effective cross-section is determined.

For elastic design of hybrid cross-sections, the partial plastification of the web
is taken into account. In general, the minimum of the yield strengths of the
flanges determines the maximum stress that can appear in the cross-section.
For a linear stress distribution, it is common that the yield strength of the
web is attained, and it will plastify in part. By allowing the web to plastify,
the higher steel grades can be utilized better. For determining the plastified
region of the web, it is assumed that the neutral axis is located at the centroid
of the effective cross-section. This assumption leads to a small error in the
force equilibrium of the cross-section, but it is considered negligible. Then,
the location where the yield stress in the web is reached is determined from
the linear stress distribution. The part of the web above this point yields. See
(Ongelin and Valkonen, 2010, pp. 130—140) for more details.

The shear resistance constraint is
Ve,Rd(x)=VEd (19)
Plastic shear resistance is employed and shear buckling is taken into account.

To prevent the top flange from buckling in the plane of the web, the following
constraint is needed (EN 1993—1-5, Clause 8(1)):

hwtw<kEfytAwAyt,eff (20)

where E=210000 MPa, Aw=hwtw is the area of the web, Ayt,eff is the effective
area of the top flange, and k=0.4 if plastic resistance if used and k=0.55 if
elastic resistance is used.
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The maximum displacement occurs at the midpoint of the span. The
displacement constraint is written as

umax(x)<u (21)
where
umaxx=5384qSLSL4EIly(x) (22)

is the displacement in the middle of the span and u=L/200 is the maximum
allowed displacement. The load in service limit state, gSLS=0.75q.

Problem statement

The developments shown above can be combined to the following optimization

problem

minxfxsuch
that1i-MRdxMEd<01-Vc,RdxVEd<ohwtw—-kEfytAwAyt,eff<oumax(x)
u-1<otf, tweTbf, hweB (23)

where f is either the weight, W or the cost C. Note that the constraints have
been normalized and all terms are transferred to the right.

Both the minimum weight and minimum cost problems are nonlinear
discrete optimization problems. With only four design variables and four
constraints, the problems are small-scale, but the mathematical properties
of the constraints makes finding the global optimum rather difficult. For
example, when a cross-section is altered such that it goes from belonging to
Class 2 to Class 3, the expression for moment resistance changes considerably.
From a mathematical point of view, the moment resistance constraint is in
general discontinuous in the regions where the cross-section class changes.
This makes it difficult to apply classical methods of nonlinear discrete
optimization that require continuity of the constraint and objective functions.
On the other hand, heuristic, population-based algorithms can handle such
problems. In this study, such an algorithm is used to solve the optimization
problems at hand.

RESULTS OF OPTIMIZATION

Both the weight minimization and minimum cost problems were solved by the
Particle Swarm Optimisation (PSO) algorithm (Kennedy and Eberhart, 1995;
Poli et al., 2007). In the literature, many possibilities regarding the details
of the algorithm are available. In this study, an implementation of the PSO
method was produced, with chosen constraint handling mechanism, velocity
update rules with inertia term, craziness effect and elite particle. Furthermore,
whenever the best feasible solution was updated, a neighborhood search
was performed, i.e. better solutions were searched in a neighborhood of the
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solution. Detailed description of the algorithm is beyond the scope of this
paper.

Three spans of 6 m, 8 m, and 10 m were considered with three different loads,
q=20 kN/m, q=60 kN/m, and g=100 kN/m. For the three available steel
grades, S355, S500, and S700, altogether 14 combinations could be formed for
each span and load. The only restriction was that the grade of the web cannot
be greater than the grade of either of the flanges.

Weight minimization

As a first step, it is interesting to compare the homogenous S500 and S700
cross-sections with the homogenous S355 profile, which works as the reference
case. In Table 2, the ratios of the minimum weights of S500 to S355 and S700
to S355 are shown for different loads and spans. It can be seen that for the
lowest load, g=20 kN/m, only marginal weight savings can be achieved by
HSS. This is partly explained by the allowable plate dimensions, that are not
favourable to HSS. On the other hand, the HSS solutions are mostly restricted
by the displacement constraint where the higher strength does not play any
role. For the S355 solution, the moment resistance constraint is dominant,
even though the utilization ratio of the displacement constraint is also more
than 90%.

For higher loads, weight savings provided by higher strength gets more
significant. For the intermediate load g=60 kN/m, S500 gives a saving of about
15%, whereas S700 reduces the weight by about 25%. For the largest load, and
largest span, the weight reductions are 23% for S500 and 35% for S700.

Table 2. Results of weight minimization. The numbers are the ratios 1/500+/W355%, and W 700/ 355+,
where Wy is the minimum weight of the homogenous cross-section with yield strength fy.

S500 Span (m) S700 Span (m)
Load | 6 8 10 |[Load | 6 8 10
20 0.98 10.97 | 0.90 | 20 0.98 | 0.97 | 0.90
60 0.85]10.84 | 0.84 | 60 0.76 1 0.74 | 0.73
100 | 0.84]0.84|0.77 | 100 | 0.71 | 0.67 | 0.65
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Cost Minimization

For the results of cost optimization, it is again interesting to compare the
homogenous S500 and S700 solutions with the S355 case. Also, itis interesting
to see, how hybrid cross-sections perform in cost optimization. In Table 3 the
relative cost optima of S500, S700 and the best solution compared to S355 are
given. It can be seen that HSS solutions become beneficial only for the largest
load. In most cases, the material and fabrication costs of HSS are too high
compared with S355.

Table 3. Results of cost minimization.

S500 Span (m) S700 Span (m) Best Span (m)

Load | 6 8 10 |Load| 6 8 10 |Load | 6 8 10
20 | 1.15)1.14]1.10] 20 |1.26]1.25]1.22| 20 1 1 10.99
60 [1.06]|1.03]1.01 | 60 |1.10|1.06]1.03| 60 |0.95]0.93|0.90
100 | 1.04]1.04]094| 100 | 1.04]0.960.94 | 100 | 0.93]0.91]0.90

For the lowest load, the S355 solution is the most economical, except for the
largest span. Then, the solution with both flanges of S500 and the web of S355
is more economical. With increased load, the hybrid cross-sections start to
have a positive effect on the minimum cost. The cost savings vary from 5%
to 10%. In all cases, the top flange is made of S700. The web is S355, except
for the largest load and the largest span, in which case it is S500. The bottom
flange is of S700, except for the case g=60 kN/m, L=6 m, where it is of S355.

The cost distribution of the minimum cost solution is shown in Figure 2. It can
be seen that the material cost is 50% of the total cost. Erecting cost plays an
important role with a 16% share. Beam welding and painting are also relatively
important, with 11% share each. Sawing, blasting and transport contribute
very little to the total cost.

Sawing: 2%

Material: 50% Transport: < 1%

Erecting: 16%

Painting: 11%

Beam Welding: 11%

Blasting: 2% Cutting: 7%

Figure 2. Cost distribution of the minimum cost beam. g=60 kN/m, L.
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Discussion

In the above, the criterion values of the solutions were investigated. It is also
interesting to study the actual designs that lead to the optimum solutions, i.e.
to focus on the design space. A common feature of optimum designs is that the
width of the flange is kept relatively low. The maximum flange width among
the minimum weight solutions is 210 mm. Out of 126 cases, 83 solutions have
flange width of 100 mm, i.e. the minimum value. Similarly, the thickness
of the web is kept close to the minimum value of 5 mm. The maximum web
thickness appearing in the minimum weight solutions is 8 mm and, in 99 of
the 126 problems, the optimum web thickness is 5 mm. Thus, the strength
and stiffness of the cross-section were increased mainly by increasing the web
height and flange thickness. Consequently, the top flange was most often in
Class 1 or 2, whereas the web is in Class 3 or 4. Similar behaviour is observed
for the minimum cost designs.

In 68 of 126 cases, the minimum weight and minimum cost solutions coincide.
There are also cases, where the minimum weight solution is more economical
than the minimum cost solution and vice versa. This indicates, that the PSO
was not able find the correct minimum cost or minimum weight solution. In
all cases, the differences between the minimum cost and minimum weight
solutions are very small.

On the other hand, for given load and span, the minimum weight and
minimum cost solutions do not coincide in most of the cases, when comparing
the different steel grade combinations. In Figure 3, the minimum cost and
minimum weight solutions for g=60 kN/m, and L=8 m are depicted in the
criterion space. It can be seen that the minimum cost solution is obtained
in Case 4 (both flanges S700, web S355), and the minimum weight solution
is obtained in Case 6 (flanges and web S700). The cost of the minimum
weight solution is 556.55 €, whereas the minimum cost is 488.25 €. Thus,
the minimum weight solution is 14% more expensive to manufacture. The
minimum weight is 302.70 kg. The weight of the minimum cost solution is
317.14 kg, which corresponds to 4.7% increase. The solution of Case 5 (flanges
S700, web S500) represents a compromise solution between minimum weight
and minimum cost. The weight is 304.58 kg, which corresponds to only 0.6%
increase from the minimum weight, whereas the cost 529.93 € corresponds
to 4.8% decrease in manufacturing cost compared with the minimum weight
design. Such trade-off information is useful, if there is uncertainty in the
parameters of the cost function.
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Figure 3. Minimum cost and minimum weight solutions of the WI-beam. =60 kN/m, L=8 m.

CONCLUSION

The examples considered in the paper indicate that for geometrically double
symmetric WI-beams under uniform lateral load, substantial savings in
weight can be achieved by employing high strength steel. On the other hand,
for smaller loads, the weight reduction can be relatively small, even marginal.
With current material and fabrication costs, HSS tends to produce more
expensive solutions than the conventional S355 cross-section for small loads.
However, for larger loads, the cost difference is marginal (few percent), and
for high loads and large spans, HSS solutions are more economical. Hybrid
cross-sections can reduce the manufacturing cost up to 10% according to the
case studies of this paper. In order to get real information on the cost savings
provided by HSS it is essential to get measured up-to-date data of all actions
needed in fabrication. The cost data used in this study is taken from (Haapio,
2012) and it is, in a way, mean data available for S355 steel. For HSS, this data
is extrapolated using the given factors for material, welding and sawing costs.

The most economical combination of steel grades depends strongly on the load
and span of the beam. It is normally very difficult to find the most economical
solution by trial and error. For the designer, optimization provides an efficient
way of obtaining good solutions quickly.
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ABSTRACT

This paper deals with weight and cost optimization of Warren-type welded tubular roof
trusses with and without verticals. Specially, the effect of steel grade is studied. The trusses
are optimized being either $355, $500, 700 or hybrid solutions. Costs are calculated
based on features of the trusses. The starting point is the exact geometry of the truss
from which finite element analysis model is derived. This approach allows the resistance
and other requirements of Eurocodes for hoth for the members and the joints to be used
as constraints. Design variables are the height of the truss, the locations of the joints,
gaps at the joints and the member sections (cold-formed square tubes). The resulting
mixed-integer optimization problem is solved using the particle swarm optimization (PSO)
algorithm. The results imply a significant saving in weight when using high strength steel.
Cost reduction is smaller but existent. The results motivate the use and further research of
high strength steels in building products.

INTRODUCTION

Tubular steel trusses are widely used in buildings to carry roof loads due
to nice appearance, good economic and load bearing performance. Active
research in the area has produced efficient and reliable analysis methods. The
natural step after analysis is optimization. The three basic approaches found in
structural optimization literature are sizing, shape and topology optimization
[1] and this classification applies to trusses as well. In sizing optimization of
a tubular truss, the design variables are the sections of each member. The
problem can be formulated either continuous or discrete. For continuous
design variables many optimization approaches have been proposed [1, 2].
However, in practical design problems the profile choice has to typically be
made from steel supplier’s catalogue resulting in discrete problem.

Truss optimization and cost analysis of steel structures have both been
under active research work (see for example [3, 4, 5]). What the authors find
missing so far in the literature is a consideration of using high strength steels
(HSS) in tubular trusses. Therefore, the aim of this study is to find out by
using optimization if the use of HSS in tubular steel trusses results in more
economical solutions than with regular (S355) steel. When comparing trusses
made of different steel grades it is essential to consider the costs, not only
their weights. Steel grade has effect both on the material costs and on the
fabrication costs. Weight affects transport and erection costs thus making it
important as well.
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In contrast with typical approaches, the starting point of the analysis is the
parametric geometrical presentation of the truss. Sizing variables as well
as geometrical dimension variables are present leading into mixed-integer
problem. The example structures used are Warren type trusses with two
possible layouts.

OPTIMIZATION FORMULATION

In this optimization formulation two types of Warren type tubular trusses
(Fig. 1) are considered with Eurocode based constraints together with weight
and cost as objective functions. Starting point of the optimization is the vector
of design variables (19 or 23 elements) and other parameters that define the
exact geometry of the truss. From this geometry, a finite element model using
Euler-Bernoulli beam elements is derived. The braces of both models are
aligned but in the finite element model brace elements are extended to point
where two braces next to each other would intersect. In this case, a very rigid
eccentricity element connects the braces to chord.

36000

Tubular Truss type 1

Tubular Truss type 2

AN NAAN

Figure 1. Two types of trusses considered.

From the finite element model, stress resultants N, Qz and My are acquired
and they are utilized to perform the resistance check of members and
joints as required in standards EN 1993-1-1 [6] and EN 1993-1-8 [7] dealing
with members and joints, respectively. For high strength steel and hybrid
solutions some of the design had to be extrapolated in some cases giving very
conservative results. In cost calculation, a very general method proposed by
Haapio [8] is adopted.

The optimization problem of structural weight can be written as

min fx= psi=inmAili,g
s. t. xe Q

where, x is the vector of design variables including both discrete sizing
variables and continuous geometry variables and Q is the feasible set; a set
of solutions that comply all the constraints gi(x)<o derived from Eurocodes.
The cost optimization problem has the same constraints as formulation 1 and
can be written as

min fx= CSM+i=1nm(CB+CS+CW)+CP
s.t.xe Q
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RESULTS

The optimization problem was solved with particle swarm optimization
method. It is a heuristic method without rigorous mathematical basis and
it usually yields good solutions but sometimes fails badly. The runs were
repeated 10 to 20 times but still the results cannot be considered optimal but
best found. The main findings can be seen in Figure 2 and 3 which present the
best found weight and cost compared to those values of regular steel (S355)
for types 1 and 2, respectively. It can be seen that weight reduction by using
high strength steel is significant (20% to 30%). The costs are lower especially
with the higher loading.
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Figure 2. Type 1 truss results compared to $355/S355 solution.

CONCLUSIONS

The starting point of the optimization should be the geometrical presentation
of the truss in order to check all requirements, such as geometrical rules of
codes and correct structural analysis model with eccentricities. In sizing and
shape optimization this will result in non-linear mixed-integer optimization
for which heuristic methods can used. As the problems are very demanding
and the method does not include checks for optimality, the optimized results
may need extra manual enhancement. Weight reductions compared to S355
trusses were of around 20% for S500 and 30% for S700. The cost reduction
on the truss type Warren type truss without verticals performed better, at
around 15%. Reductions for hybrid trusses were between these numbers,
but for S700/S500 (chords S700, braces S500) the reductions were about the
same as for S700/S700 trusses.
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Figure 3. Type 2 truss results
compared to $355/5355 solution.
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The results demonstrate that the use of HSS is economical in tubular trusses
applying the design rules of the present Eurocodes even though some of the
rules “penalize” high strength steels. These issues should be solved in the
future and the fabrication costs of HSS tubular trusses can be reduced and
more savings achieved.
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ABSTRACT

A considerable number of studies have been conducted worldwide on columns with fires
that act on all four sides (symmetrical fire). In real buildings, columns are often embedded.
Results of numerical analyses for reinforced concrete filled square steel tubes columns in
non-symmetrical fires are presented for a total of 150 cases. An ISO 834 fire acts constant
along the column on one, two adjacent or three sides. Three embedding systems are
considered for the remaining sides: adiabatic, concrete wall and sandwich panel. When
fire acted on one, two adjacent or three sides, the fire resistance times were on average
about 3.4, 2 and 1.3 times longer than in a symmetrical fire. The final failure mode and
corresponding resistance time depend on the direction of the initial bow imperfection.
Experimental tests are needed to verify the results.

INTRODUCTION

Reinforced concrete filled tubular (CFT) columns combine the advantages of
both steel and concrete materials, such as: attractive appearance, structural
efficiency, fast construction technology and high fire resistance [1], [2]. A
considerable number of numerical simulations and tests have been conducted
worldwide on fires that act on all four sides of a column. These cases are used
for the validation of the analysis models developed in this study. In [3] and
related papers of the authors, composite W-shaped columns with different
embedding systems are examined both experimentally and analytically.
Likewise, in [4] concrete filled rectangular steel tubes in non-symmetrical
fire are examined both experimentally and analytically. The paper excludes
square columns and all columns are without reinforcement. Reference [4]
reports that some columns finally collapsed towards the fire.

This paper presents results of numerical analyses for tubular composite
columns in non-symmetrical fires. Reinforced concrete-filled square steel
tubes of three sizes and two buckling lengths are considered at given central
axial loads. The fire is assumed to be constant along the column length. The
sides on which fire does not act are assumed to be embedded. Three different
embedding systems are considered: adiabatic (see above), concrete wall, and
steel-mineral wool-steel sandwich panel. Axial loads are defined so that they
represent the maximum ultimate concentric loads for symmetrical cases with
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respect to specified fire resistance times: 30, 60, 90 and 120 minutes. A total
of 150 cases were analysed.

Thermal and mechanical analyses were conducted using the finite element
software ABAQUS/Standard. Geometrically identical 3D finite element
method (FEM) models were used both for thermal and mechanical analyses.
The material models for steel tubes, reinforcement and concrete are presented
in Eurocode 4 [5]. The effect of an initial bow imperfection is considered. The
shape of the imperfection corresponded to the buckling mode of the column
for the lowest buckling load in ambient conditions. All cases were analysed
using an amplitude of span/666 for the imperfection towards the fire. Some
cases were also studied with the initial imperfection away from the fire. All
columns were hinge supported at both ends. The end nodes of the columns
were fixed to the plane using the coupling command of ABAQUS in the
mechanical analysis.

The reinforcement was modelled using one-dimensional stringer elements.
3D continuum finite elements were used both for the tube and the concrete.
Thermal analysis was conducted first and the temperatures were stored. Then,
mechanical analysis was done with a constant central axial load by increasing
the temperatures inside the column according to the stored temperatures.
Thermal analysis was done using a 3D continuum FE model for the entire
column. To verify the numerical model, the temperatures and fire resistance
times in the symmetrical fire were compared to results available in Reference
[6] and [77]. Temperatures were also calculated using the Safir software [47]. In
summary, the thermal analysis model seemed to work rather well in all cases
considered.

Material models for concrete, tubes and reinforcement were taken from [5].
The Elastic and Plastic options of ABAQUS were used for steel. The Elastic
and Concrete Sheared Cracking options of ABAQUS were used for concrete.
Bi-linear and tri-linear stress-strain relationships, including those of [8],
did not work properly, which led to convergence problems. Similar trials
have been reported in [8]. Finally, a simple elastic stress-strain relationship
was applied to concrete on the tension side. The resistance times were based
on points in time when convergence was no longer reached using ABAQUS
implicit and RIKS methods. The used model gives results which are close to
[7] but for the smallest columns. Table 3 shows a comparison of fire resistance
times between symmetric and non-symmetric fires.
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Table 1. Ratios of fire resistance times for non-symmetric versus symmetric fires.

Load Ratio to 4S case [-]
# CFTcolumn Target [kN] 4S 3S 2S 1S C3S C2S C1S S3S S2s Si1s
1 150x150,2m R30 476 1.00 143 185 356 152 237 412 135 173 345
2 150x150,2m R60 174 1.00 137 173 2.68 150 236 3.24 130 168 2.60
3 150x150,3m R30 303 1.00 1.23 143 3.73 120 142 356 122 139 289
4 150x150,3m R60 110 1.00 1.00 149 292 107 191 330 099 143 253
5 250x250,3m R30 1975 1.00 153 249 463 151 226 597 151 235 5.14
6 250x250,3m R60 1094 1.00 1.44 251 422 154 3.15 422 141 242 4.18
7 250x250,3m R90 728 1.00 129 2.08 281 133 270 281 128 207 2381
8 250x250,3m R120 443 1.00 1.19 195 201 1.23 201 201 1.17 190 2.01
9 250x250,5m R30 1171 1.00 150 194 289 147 172 3.13 147 214 2.89
10 250x250,5m R60 634 1.00 1.17 254 365 1.15 229 426 1.17 227 3.65
11 250x250,5m R90 406 1.00 133 251 268 1.19 189 268 1.15 240 2.68
12 250x250,5m R120 233 1.00 1.15 189 189 153 189 189 1.14 187 1.89
13 400x400,3m R30 8031 1.00 1.27 2.05 460 130 211 499 126 2.01 -
14 400x400,3m R60 5942 1.00 1.18 2.23 431 123 234 431 1.15 2.09 -
15 400x400,3m R90 4868 1.00 1.05 224 311 1.03 240 3.11 1.18 214 -
16 400x400,3m R120 4053 1.00 093 237 262 093 257 262 1.08 224 -
17 400x400,6m R30 5624 1.00 146 2.72 3.69 137 3.26 4.41 144 259 -
18 400x400,6m R60 3564 1.00 150 3.17 436 176 3.99 436 146 3.06 -
19 400x400,6m R90 2625 1.00 160 3.18 3.18 1.74 3.18 3.18 157 3.17 -
20 400x400,6m R120 2045 1.00 153 235 235 155 235 235 150 235 -

The main conclusions from this study are that composite tubular columns
resisted the same axial load longer in non-symmetric fires than in symmetric
fires. If a column is embedded in concrete on three sides (fire acts on one side),
fire resistance time increases 2.7-fold, in the case of two adjacent embedded
sides it increases 1.4-fold, and with one embedded side 1.1-fold compared to
a symmetric fire. In the case of embedding with sandwich panels, the fire
resistance times did not increase as much as with concrete embedding. The
increase is about the same as in the adiabatic case. Slender columns tended
to collapse towards the fire, stocky columns finally collapsed away from the
fire. It is recommended that initial bow imperfection should be considered in
directions both away from and towards the fire. Tests are needed to verify the
calculations.
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ABSTRACT

The problem of numerical analysis of steel structure under natural fire is considered. The
emphasis is put on the importance of coupling between computational fluid dynamics (CFD)
and finite element analysis (FEA) codes with respect to proper calculation of temperature
field inside the structural members. Models preparation, simulation analysis and results
verification precede research on comparing of computations of structural analysis within
steel construction. Computations consist of two sequential numerical simulations: CFD
analysis of fire evolution with the use of FDS software, introducing temperature and heat
flux to thermo-mechanical part of structure respond with the use of ABAQUS finite element
system. Behaviour of the steel construction under fire is comprehensively discussed to
get a safe design with the checks of ultimate limit state. The main goal of the paper is to
analyse different fire scenarios within the building by taking into account, for example,
fire load size and placement, and its influence on the fire development, temperature and
heat distribution, as well as history and state of deformation and stresses in steel structure.
A set of numerical examples is selected and computed for a range of representative fire
scenarios. Conclusions are formulated to present the ability to control the structure under
the fire accident and give directions for designing of safe construction.

INTRODUCTION

Nowadays the usage of natural fire approach for the design of new structures
is gradually rising. In this paper the most general type of this approach
is considered, namely designing using coupled CFD-FEA procedures.
Difficulties are caused especially in the translation of heat condition resulted
from CFD fire analysis into solid mechanics boundary conditions, when the
model differences between those two codes are significant. Therefore, to study
the influence of fire scenario onto the structural response of structures under
natural fire, the coupling procedure and boundary conditions translation
method is developed.
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In this work firstly the standard approaches used in current fire engineering
practice are briefly introduced. Then the theoretical background of the
heat transfer problem is invoked as the base for the development of
further translation method. Finally the description of proposed method,
implementation, its verification and a test case of steel structure under
different natural fire scenarios is discussed.

THEORETICAL BACKGROUND OF THE HEAT TRANSFER PROBLEM

Calculation of heat transfer at the interface between solid and gas phase
needs to take into consideration two main and inseparable, in that sense, heat
transfer sources: convective and radiative heat flux. The net heat flux into the
unit surface is the algebraic sum of incoming heat fluxes by convection and
radiation, and can be expressed by the well know expression:

gqnet=qcon+qrad ®)
As far as the two incoming heat quantities are inherent for the general
definition of the boundary conditions in heat transfer problem consideration,

they two different physical phenomena and from the mathematical point of
view can be derived separately.

CONVECTIVE HEAT FLUX

The convective heat flux is basically proportional to the difference between
the gas and surface temperatures at the interface between solid and gas phase,
and is usually expressed as:

qcon=afg—06s Wm? (2

Where a, 0g, and 05 are respectively the coefficient of heat transfer by
convection [W/m? K], gas and solid surface temperatures [K].

RADIATIVE HEAT FLUX

From the structural point of view, the radiative heat flux into the solid phase
corresponds to the absorbed radiation resulted from the incident radiation
coming into the solid surface. From the point of view of CFD field modelling,
the constitutive radiative heat transfer equation can be obtained from the
equilibrium of intensity change in a particular direction across elemental
volume of fluid medium.
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Finally, the radiant incoming heat flux vector qrad,inc can be calculated as an
integral from the incident intensity over the spherical domain of interest. The
net radiant heat flux absorbed by the solid body grad can be then calculated as
a difference between the incident (qrad,inc) and outgoing heat, using the well
known equation for the surface radiation:

qrad=qrad,inc—esc0s4 (€]

where ¢s is the emissivity of solid surface and ¢ is the Stephan-Boltzmann
constant.

HEAT FLUX AND SECTION TEMPERATURES CALCULATION METHOD

In the proposed approach, the section temperature calculation takes into
account both convective and radiative heat fluxes facing the particular section
surfaces. As long as convective heat flux is dependent only on the constant
coefficient of the heat transfer by convection and fluid-surface temperature
difference, calculation of temperature does not cause problems. This means
that special attention must be paid for the proper recognition of radiation’s
directions. To do that, authors introduce the definition of face view angles as
lower and upper limit of radiation direction that can reach particular point on
the section surface (Fig. 1.).

Figure 1. Geometrical visualization of view angles a1 and a2 for points A and B and corresponding angle of
radiation vector (.
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HEAT TRANSFER FROM AMBIENT BOUNDARY INTO THE SECTION

The above approach is useful for the derivation of boundary conditions at
the section’s surface. Assuming that the net stored heat is equal to the net
received heat, the relevant partial differential equation can be reduced to a
zero-dimensional case and becomes an ordinary differential equation with
only time dependence:

q=hcpdfdt (3)

where q is the net heat flux coming into the element and h, ¢, and p are the
thickness of section’s wall, specific heat and density, respectively.

IMPLEMENTATION

Implementation of the proposed approach is made by coupling the CFD code
called FDS McGrattan et al. [1] and FEM program Abaqus [2]. The formulation
is appropriate for sequential incremental coupling. However, single boundary
transfer is considered in the following investigations.

COUPLING METHOD

When the structural elements are not present in the CFD model, the coupling
must be arranged in such a way, so as to provide sufficient information for
external calculation of section temperatures. This means that even if elements
themselves are not a part of CFD analysis, their position must be somehow
marked in that model. The idea is then to represent the existence of structural
member into the CFD model by introduction of the output request in the point
corresponding to the real position of the member.

BEAM FINITE ELEMENTS

Since the main goal of most structural engineering studies within the field
of fire engineering is the proper prediction of structural response in fire, the
approach taken is to use beam finite element throughout applying the above
procedure for the beam’s integration points.

COMPUTATIONAL EXAMPLE

The structure under consideration is a single-compartment frame structure
with dimensions 8m by 20 m, height equal to 3,20 m at the ridge and 2,50 m
at the eaves. The geometry of that structure comes from the natural fire full
scale test conducted by Pyl et al. [3].

The structure is a standard steel assembly for small halls. All columns, girders

and purlins are made from I-sections: IPE140, IPE160, IPE120, respectively.
The distance between frames is equal to 5,0 m.
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LOADS

Two contrasting fire scenarios are considered: a localized fire in the middle
of the compartment and a uniformly distributed fire load spread throughout
the floor. The fire is described by given heat release rate per unit area. The
mechanical load is primarily reduced to dead load only (taking into account
0,3 kN/m? of cladding system), which corresponds to the experimental
conditions (no snow and wind) and favours the goals of this contribution.
Finally also three additional load cases are introduced, to check the structural
behaviour of construction in more severe conditions.

RESULTS

The results are obtained both for thermal and mechanical data comparison
between two selected fire scenarios. A special emphasis is also made to verify
the coupling method used for translation of heat condition between FDS and
Abaqus.

According to simulations, structure lasts more than 60 minutes, when no
other dead load acts on the frame. When mechanical load increases, fire
resistance time decreases, which is to be expected. In accordance with the
limited number of test cases, no pattern of dependence between mechanical
load and fire resistance time was observed for both fire scenarios. A summary
of results is presented in Table 1.

Table 1. Comparison between fire resistance times for different fire scenarios.

fire resistance time (minutes)
1,0 1,5 2,0 2,5
dead load dead load dead load dead load
Pool > 60 > 60 54 22
distributed > 60 60 29 15
pool and
distributed . . 1.86 1.47
CONCLUSIONS

Development of contemporary structural engineering design standards,
like Eurocodes, gives engineers more and more possibilities for evaluation
of structural safety in fire. Nevertheless, it is still a major issue to examine,
assuming certain level of accuracy, whole building or assembly in natural
fire simulation using 3D approaches. The proposed method is a flexible tool
responding to the need for incorporating natural 3D fire simulations for the
evaluation of structural safety.
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The heat transfer analysis on the interface between solid and fluid phase are
formulated in the paper and simplified, but take into account both radiative
and convective heat fluxes and temperatures as well, at specific points on
the section surface. The results obtained show significant difference in fire
resistance time between pool fire scenario and uniformly distributed fire. The
simulations show that distributed fire scenario is more severe for the structure
than alocal fire, even if the local fire per unit area power is approximately four
times greater.

The next step in implementation of the method is to extend scripts and run
more exact calculations of heat transfer coefficients for convection on the fluid-
solid interface and to take into account the radiation in section’s cavities with
the view factors application. Special laboratory tests of different structural
elements under natural fire wait to be performed for experimental validation
of the method under investigation.
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ABSTRACT

In the paper the work of membrane structures on the rectangular plan with plane support
contour when membrane eccentrically fastened is considered. Features of strain-stress
state of the membrane structure with support contour made of closed section profiles are
studied. An analysis of the differential equation of the twist angles of the contour has
allowed to establish behaviour of the system when membrane is fastened eccentrically
to support contour. This is defined by the relations that include the pure and restraint
torsional stiffness of the contour, span, thickness and elastic modulus of the membrane,
eccentricity of its fastening to contour and a sectorial coordinate of the membrane edge.
Test numerical analyses of the membrane models validated the derived laws.

INTRODUCTION

Membrane structures are widely used as roofing elements in many kinds of
buildings [4, 8, 9]. Typically, a membrane structure is the thin metal shell
(membrane) fastened to the support boundary. Supports can be made of steel,
reinforced concrete or concrete-filled steel tubular members. In the membrane
structures with spans 6—18 m supports are often made of thin-walled welded
closed profiles. For simplification the membrane structure can be fastened to
the edges of the rectangular boundary frame (Fig. 1). In this case, because of
the eccentrically applied membrane forces, the frame begins to twist.

Many researchers are involved in studies of membrane structures [5, 7]. A
study of the behaviour of membrane structures with thin-walled support
frames of closed profile experiencing restrained torsion is of considerable
practical interest.

THEORETICAL CONIDERATIONS

Torsion of closed thin-walled rectangular profiles is accompanied by their
cross-sectional warping. With the restraining of free warping (in the places of
fastening and connections with other members), additional normal stresses
occur in thin-walled profile and its torsional stiffness increases.
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-1 A1

Figure 1. View of membrane covering. Schemes of the membrane sheet fastening to support boundary frame of
closed profile.

For the analysis of thin-walled open profile rods the well-known Vlasov theory
is successfully applied [10]. Analogous to the theory used for thin-walled beams
with open profile for beams with a close profile, the warping stiffness of the
beam is introduced in addition to the pure torsion stiffness. The deformations
of the supporting frame need to be taken in consideration when analysing
thin-walled closed profile beams, especially when the membrane is connected
to the support boundary with eccentricity. The interaction of twisted thin-
walled support frame with the membrane has some special features and
requires a further study.

METHODS

The simple modelis studied with the aim of determination the main parameters
influenced on the work of the system. The system consists of contour beam with
the span 2a with fixed edges (constraints are set on the linear displacements
in the plane perpendicular to the contour and on the angels of rotation) and
flat membrane with the sizes 2axa and thickness t (fig. 2).

1-1

Figure 2. The studied system, a) general view; b) cross-section of the contour.
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The sheet is fastened with eccentricity e at the height of the boundary beam.
The uniformly distributed load p acts on the free edge of the sheet with the
coordinate y=a. Numerical studies have been carried out using the program
MSCNASTRAN. The analysis is carried out for half of the structure taking into
account symmetry of the system by the introduction appropriate constraint at
the axis of symmetry.

Initially, the problem was solved with the use of BEAM finite elements for
the modelling of support boundary excluding torsional restraint. The steel
membrane was modelled as PLATE finite elements (mesh 20x20) with
thickness of 1 mm. The connection between the boundary beam and the
membrane was modelled by using bars of high stiffness, with the eccentricity
of membrane fastening. The size a=6 m, the load is p=120 kN/m, cross-section
of boundary beam is 200x100x6 mm. The design scheme of the considered
membrane model is shown in Fig. 3. With the use of this model, the following
results were obtained. The displacement of the membrane edge in the middle
of contour beam in the direction of the Y-axis is equal to 17.5 mm, and the
angle of rotation of the Boundary beam about its longitudinal axis (X-axis) is
0.526°

:] 9})&&]}0

Figure 3. The numerical model when contour is modelled by BEAM finite elements.

The same membrane system with the same sizes and loads but with the
boundary beam modelled using PLATE finite elements were analysed. The
design scheme for this case of contour modeling is represented on the Fig. 4.

For the midspan of a boundary beam, the following results were obtained in
this case. The displacement of the membrane edge in the Y-axis direction is 24
mm. The angle of rotation about the longitudinal axis is 0.0498°.

A comparison of the results for these two models allowed us to make following
conclusions. Twist angle of the beam for the first model (0.526°) exceeds twist
angel in the second model (0.0498°) more than 10 times. Displacements for the
first model (17.5 mm) are smaller than for the second model (24 mm) by 27%.
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Figure 4. The numerical model when the boundary is modelled using PLATE finite elements.

Thus, required accuracy of the analysis is not achieved when use simple BEAM
elements for modelling the support beams. Because of inability of the beam
finite elements for the boundary, its interaction with the membrane need to
be studied and the basic parameters influencing on the behavious of structure
need to be derived.

Let us consider the differential equation of the twist angles of thin-walled
closed profile support beam about its longitudinal axis which is generally
represented in the same view as for thin-walled open profile section [9]:

2’0 a‘e b

Gl),—~—(EL)), —5+m-—=0, ®
( t)k axz ( w)k a)(/_4 m ax

where, GI; — the stiffness of the support contour on the pure torsion; EI, —
contour sectorial stiffness; 0 — twist angel of the contour; m - intensity of the

distribution of torque; b — intensity of the distribution of bi-moment.

Equation (1) is valid in the absence of the bending of the beam. For this

problem:
E ¢
m=N, ecost, N, = ’”'; ﬂ+Ma—u,
I-u ay ox
(2
E, t
b=N,w, Ny =" Q_'_(Lu ,
20+ w)\ ox  dy

where, Er, , t,; — Elastic modulus and the thickness of the membrane; u —
Poisson ratio; u and v — the displacements of membrane through its fastening
to a contour parallel to the axes X and ¥ respectively; e — the eccentricity of the
membrane fastening to contour on the vertical; w — the sectorial coordinate
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of cross-section of the contour where the membrane is fastening, Ny — the
normal force per unit length in membrane acting along Y-axis in the place
of contour with membrane interface; Ny, — the shear force per unit length in
membrane in the place of contour-membrane interfacing.

Given the well-known dimensionless parameters [6]:

7/7=79 ‘7=729 §= > 17= > (3)
a

Using relations (2), equation (1) can be represented as follows:

=0, 4)

—9*v —a*y 1 v ou ) %y 9u
m—-m, — + Tt - T+
& dE" 1-u \an 0 ) 2(1l+wu)| 0&* 0d&an

1,

where, m = — the relative stiffness of the contour on pure torsion;

2
E,t,ae

_
Mo =55
E t,ae

— the relative sectorial torsional stiffness of the thin-walled
open profile contour; = Y _ the relative sectorial coordinate of the
membrane edge. ae

In the derivation of equation (4) it is assumed that cos 6 = 1 (for the twist
angles 6 < 18° the error does not exceed 5%), and relative twist angle is equal

The relations include torsional stiffness of the contour, span, thickness and
Elastic modulus of the membrane, eccentricity of its fastening to contour
determine the behaviour of the system. Relative values m, my, and @ do not
change with changing of absolutely values of the contour span, thickness,
Elastic modulus of the membrane and contour, eccentricity of the membrane
fastening etc. Given the above a simplified method of the analysis of membrane
structures can be developed. In the frame of this method, the values of
relative parameters will determine stresses and displacements occurring in
the structure. The productivity of such an approach is proved by practice of
design [8, 9]. The aim of this paper is to confirm the validity of the equations
derived for the relative parameters (m, mg and ).




Proceedings of the METNET Seminar 2013 in Luled

For the thin-walled support contour of the closed rectangular profile [8] the
following expressions are valid:

S . 26%h%1,
The inertia moment on the pure torsion — / = ——*
(h+b)
. b2h*t, (h-b)?
section inertia moment — / =—"~—— "~
24(h +b)
section coordinate of the membrane edge — w = hb-(h=b) .
4-(h+Db)

In the expressions for the inertia moments and section coordinate, the
following symbols are used: tx — the thickness of the contour wall, b and h
— the width and the height of the profile on the middle surface of the cross-
section.

Taking this into account the relative parameters of the membrane structure

for thin-walled closed profile contour with eccentricity &= 5 are equal:

8Gb*1, - Eb*t; (h-b)? = _ b-(h-b)
Eptnath+b) " 6E,1 a*(h+b)  2-(h+b)-a’

m=

The correctness of these relations for the generalized parameters is confirmed
by the results of numerical studies of the modelling of boundary by the PLATE
finite elements. The validity of the approach was confirmed by the analysis of
structures with the eccentric fastening of the membrane to the boundary with
pure torsion [3]. In addition to the above derived relations the well-known
generalized parameters for the bending stiffness of the contour in the plane
of membrane [8, 9]:

_ El
RESULTS

The numerical studies were carried out with constant values of generalized
parameters but various geometric sizes and characteristics of the structure
and the values of the load. The boundary was modelled using PLATE finite
elements (Fig. 4).
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The forces and displacements for the middle of the boundary span can be
expressed as follows:

2
_p P9 _ ply, .
M.\p_ﬁl 6 > Bsp_ﬁZ tm'az,
(5)
pa4 pea2
V=7 ; 0=y, ,
24EI, (GI,);

where, correction factors f5;, f2, 7; ,7> depends only on the generalized
parameters. In equation (5), Msp — bending moments in the contour in the
plane of membrane of the span; Bsp — flexural-torsional bi-moment in the
beam; v and 6 — horizontal displacement and twist angle of the beam. In Table
1, the results of numerical analyses are represented. Geometrical sizes of the
beam cross-section, loads, thickness and span of membrane were varied
and the generalized parameters were constant. The results represented for
two cases of membrane structure — in first case the cross-section of beam is
200%x100x6 mm, and in the second — 400x200x12 mm.

Analysis of the data in Table 1 obtained with varying torsional stiffness of the
contour, span and thickness of the membrane shows that at constant values
of generalized parameters m, mg, n and w the values of correction factors in
Equation (5), (maximum error doesn’t exceed 5.3%) do not depend on the span
and thickness of membrane, stiffness characteristics of the beam and load.
Consequently, the generalized parameters m, mg, n and w really characterize
the behaviour of the system when the membrane eccentrically fastened to the
thin-walled closed profile support beam.

Table 1. Parameters of the stress-strain state of the membrane model.

Parameter 1 case \ 2 case Error,%
n 3.249-107 -
m 0,1 -
m, 1.543-10°° -
) 0.00278 -
a,m 6 12 -
fy, M 0.001 0.002 -
f, mm 0.006 0.012 -
P, kN/m 120 240 -
Gl, kN-m’ 1250 20000 -
EIL,, kN-m’ 2.29 73.2 -
Beam bending moment [~ /;N - 1.(())524-1110’3 1.(?42(-)19 0’ 13
Flexural-torsional By, kH'M 0,057 0,456 -
bi-moment in the beam B, 1539.15 1538.81 0.022
v, mm 24.0 48.4 -
, 7, 5.356:10° 5.385:10° 0.54
Deformation of the beam 0. rad 2692107 918107 -
¥a 2.512-10° 2.653-10° 5.3
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CONCLUSIONS

On the basis of the numerical analyses presented, it is shown that the
redistribution of stresses in the structure depended on its geometrical
characteristics. Twisting of contour beam leads to the irregular displacements
of the membrane edge along the length of beam when membrane is fastened
eccentrically to the beam. This causes redistribution of the normal forces
in membrane through its interface with the boundary beam. In the middle
of the span forces perpendicular to the beam decrease and on the edges of
the boundary beam, they increase. Tangential forces occurred along the
membrane edge. Redistribution of forces in the membrane is reflected in the
stress-strain state of the beam: the bending moments decreases and additional
compression occurs.
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ABSTRACT

In this paper numerical analysis of thin-walled Z-purlins in the cladding of buildings made
of sandwich panels are considered. The software used is MSC NASTRAN. The influence of
the mesh of elements on the results of calculations is studied. The results of numerical
analyses allowed developing the method for determining the stiffness of the connection
of the purlin with the sandwich panels.

INTRODUCTION

Nowadays Z-, C- and E-purlins are widely used as supporting elements in roof
coverings of modular buildings based on the light steel skeletons. Sandwich
panels are used to cover the building envelope. A purlin-sheeting interaction
plays a significant role in the performance of these types of structures.

When loading the structure by distributed loads, the thin-walled cold-
formed purlin undergoes a restrained torsion because of the eccentric load
application. The sheeting does not allow free rotation of the purlin and its
supports. The bearing capacity of the purlin is significantly different for cases
when purlin is considered as a free beam and as a beam which is attached to
sheeting because of complex interaction of the purlin with sheeting. This is the
reason the purlin cannot be considered separately from the sheeting fastened
to it.

The type of fasteners also plays a role in the behaviour of the system. Today,
screws are used as fasteners of the sheeting to purlin as a rule. Alternatively,
rivets can be used as fasteners. Screws are installed through the thickness of
the sandwich panel (Figure 1). Rivets, however, form the connection between
the bottom flat sheet of “the sandwich panel and the flange of the purlin
(Figure 2).

The investigation of the complex behaviour of such systems may be performed
experimentally or theoretically. One of the way of the implementation of
theoretical studies is to use numerical analysis. In this paper the results of the
numerical analysis of the system are presented.
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Figure 1. Scheme of screw fastening.
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Figure 2. Scheme of rivet fastening.

BACKGROUND

Many researchers have studied similar systems. Ciurej and Piekarczyk [1]
carried out numerical calculations using the MSC.Marc program. For the
modelling of the purlin, the authors used plate elements. Also, laboratory
tests were carried out. The test model was a section of the load-bearing
construction of a roof covering being in use for instance in lightweight single-
storey buildings. Three purlins Z250 with the length 6 m were applied.
Trapezoidal steel sheet was fixed to each purlin. Comparison of experimental
and numerical results was done. The analysed beam-sheet structure was
effectively modelled as a whole with the use of shell finite elements for
steel profiles and sheet roof and brick elements for insulation blankets. The
elaborated FEM model of a roof covering is appropriate for simulating the
behaviour of real structures of this type.

In the articles [4, 5] stability analysis of thin-walled purlins restrained by
sheeting for different beam lengths and type of the cross-section was carried
out. Special attention is focused on modelling the restrained purlins in general
purpose finite element program ABAQUS. The comparison of results obtained
with the use of analytical and numerical models is carried out. The examples
illustrate the importance of proper modelling the laterally restrained purlins.
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METHODS

The numerical analyses are for the specimens for which test results [3] were
available. The investigated model is the one recommended by European
standard [2] for design characteristics of testing.

Numerical analyses are done with the use of program NASTRAN. The model
(Figure 3) consists of RUUKKI purlin Z200x2, 1 m long, sandwich panel
SPC120/80PU and connectors — screws GT6 175-5.5/6.3 mm. Purlins are
modelled using PLATE finite elements (E=210000 MPa, v=0.33). Sandwich
panel consists of 3 layers — flat and trapezoidal metal sheets (PLATE finite
element, thickness 0.5 mm (E=210000 MPa, v=0.33) and polyurethane core
(SOLID finite element, E=3.5 MPa, v=0.15). Connection between purlin and
sandwich panel is modelled with the use of RIGID finite element, which
connects one row of nodes on the purlin with nodes on the panel (independent
node is located on the purlin, connecting degrees of freedom (DOF) are all
linear displacements). Screws are modelled as BEAM elements. On the
external side of sandwich panel screw-nut is modelled as 4 intersecting
beam elements to distribute stresses and to realize more real behaviour of
construction.

Figure 3. Investigated system.

Only linear analysis has been carried out. The values of force applied to the free
flange were obtained from reported tests. The force causes the displacement
of the free flange along Y-axis at h/10 (h — the height of the purlin). Analyses
have been done for different directions of the load (uplift — T1S, T2S, gravity
— T3P, T4P), different positions of the purlin and different positions of the
screws on the sandwich panel (Figure 4).
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To determine the optimal size and number of elements, test numerical
analyses were done for different parameters of the mesh for cases T1SA and
T4PA. The mesh size of the element along the height of the purlin was equal to
1cm, 2 cm, 4 cm and 8 cm.

RESULTS

The values of displacements in the direction of load acting in the top point
of the purlin web, the axial forces in the screws and the angel of the purlin
rotation about it edge are compared in the results for different meshes
(Figure 5). This comparison is represented in the Table 1. The results are also
represented in graphs (Figures 6, 7, 8).
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Figure 5. Scheme of purlin showing parameters of deformation.
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Table 1. Comparison of the results for different meshes.

Size of the | Displacement, mm | Axial force in the Angle of
element, screws, N rotation, rad
cm T1SA T4PA | TISA | T4PA | TISA | T4PA
1 18.5 234 18.5 234 0.098 | 0.121
2 17.7 22.4 17.7 22.4 0.094 | 0.117
4 15.9 20.4 15.9 20.4 0.086 | 0.108
8 14.0 18.6 14.0 18.6 0.071 0.100
Y, mm
25

i \ ——T1SA

e TAPA

o

0 Size of the element, cm

' —=—T1SA
0.a8 ——TAPA

0.02 -

0 Size of the element, cm

Figure 7. Graph showing the dependence of angle of rotation 6 on the size of the element.
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Figure 8. Graph showing the dependence of the axial force in screw N on the size of the element.

As can be seen from the graphs, with the decrease in the element size and
corresponding increase in the density of the mesh, the variation of the
considered parameters reduces and the results converge to some limit. We
can conclude that a size of the element of 2 cm is sufficient. In such a mesh
quite accurate results are obtained and the dimension of the problem is still
not as large as with the use of 1 cm elements. So we have sufficiently accurate
results with reasonable time spent to analyse the FE model. Based on this
conclusion, the analyses of all other schemes (T2SA, T2SB, T2SC, T3PA, T3PB,
T3PC) have been carried out with these parameters of the mesh.

In the Table 2 the comparison of the experimental [3] and numerical results
is represented.

Comparison of the experimental and numerical results shows that the
error between NASTRAN and test results does not exceed 25%. Thus, the
results, obtained with assumed mesh can be used for further studies and
determination of the supporting spring stiffness.
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Table 2. Displacement of free flange and error % of numerical analysis as compared with laboratory tests results.

Force, Displacement, mm
Scheme N NASTRAN Test Error, %
T1S 323.96 17.7 20 11.5
< T2S 348.10 20.5 20 2.5
T3P | 308.09 18.6 20 7
T4P | 393.42 22.4 20 12
T1S 319.39 17.7 20 11.5
n T28 307.64 18.5 20 7.5
T3P | 346.38 20.2 20 1
T4P | 34491 17.4 20 13
T1S | 233.02 15.9 20 20.5
O T2S 211.2 15.3 20 23.5
T3P | 244.16 18 20 10
T4P | 278.52 19.8 20 1
CONCLUSIONS

The compiled numerical model in NASTRAN is valid for studies of the work for
this kind of structures. With the use of this numerical model the engineering
method of determination of the supporting spring stiffness was developed in
Reference [6].
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ABSTRACT

In a number of cities and settlements the existing condition of mass housing development
areas, including numerous buildings and constructions, engineering and network
infrastructure, road and transport communications etc. demands reconstruction and
conformation with modern norms. The purpose of this project is elaboration of the system
model of mass housing development areas, and also bases of methodological approach
to reorganization of these areas with providing comfortable conditions for residence and
life activity of the population.

The suggested approach to functioning and elaboration of the mass housing development
area includes 2 levels of specification of description of the given problem. The first level —
philosophical or cognitive-theoretic — the verhal description of a plan or a concept, with
formation of structure and composition of the hierarchical system with definition of the
aim of its development and reorganization — which is to provide favorable conditions for
residence and life activity of the society. The second level — introduction of the system and
methods of its reorganization in the scientific-research language in the form of models
— such as “generation — analysis — choice” for determination of the action variants on
reconstruction of territories, as well as variants of technical and technological conditions
providing their implementation.

INTRODUCTION

In a number of cities and settlements, the established condition of
mass housing development areas, including numerous buildings and
constructions, branched engineering and network infrastructure, road and
transport communications etc., demands reorganization and conformation
in compliance with modern norms and life activity of the population of these
areas. Thus, for making effective administrative as well as organizational
and technological decisions on maintenance and reorganization of the mass
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housing development areas including a great number of various objects, it is
necessary to elaborate a system model of these mass housing development
areas as well as the bases of methodological approach to reorganization of
these areas, providing comfortable conditions for accommodation and life
activity of the population of these areas.

Before choosingacertainalternative of modeling of masshousing development
areas of the cities and settlements, and also development of methodological
bases of decision-making on reorganization of these areas it is necessary
to make a thorough analysis of specific features of the concrete city or its
part. Such analysis of the reality must be made on the basis of the modern
theory and contain not only statistical data, determinative, comparative to
normative, dimensional, constructive, ecological, social and other factors,
but also include the methodology of making effective administrative and
production decisions about reconstruction of mass housing development
areas.

Mass housing development area is considered as a component part of
the city intended for habitation and life activity of people, according
to the modern definition of a city. “A city is one of the types of social and
dimensional organizations of population, arising and developing on the
basis of concentration of industrial, scientific, cultural, administrative
and other functions” (Golyshev et al. 2006). That is why for mass housing
development areas as parts of the city or other center of population it is
already not enough to be seen only in a spatial refraction as areas of land, set
of buildings, constructions and streets. Mass housing development area as a
component part of the city is a complex multilevel system with its own laws
and peculiarities of existence.

METHODS

Realizing the system approach to existence and development of the city and
its component parts, it is reasonable to see the mass housing development
area as system complex city planning formation — hereinafter referred to as
CPF. In the system analysis for representation of complex systems, one of
which is definitely CPF, stratified representation of such systems is normally
used (Mesarovich et al. 1973). According to this approach, the system is set
by a family of models, each of which describes its behaviour from the point of
view of a certain abstracting level.

Originally, in the most general, fundamental understanding, at the
semantic, notional level CPF is represented in philosophic or theoretical-
cognitive language as a verbal description of a project or conception. Thus,
system complex city planning formation (CPF) can be defined as the set of
interconnected, controllable, conditioned by existing economic and material
and technical potential of the given territory, spatial, architectural and
building, engineering decisions of the environment of population groups
(society), providing favourable conditions for habitation and life activity
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of people. CPF component is implied as its component part, characterizing
functional content and purpose of system complex city planning formation.

Introduction of the definition of CPF with formation of its structure is necessary
for dynamic evaluation and analysis of different parts and elements of a
modern human environment, observing interconnection of CPF components
and their interaction with environment, applying system theory and system
analysis for solution of the problems of functioning and elaboration of mass
housing development areas.

Thus, for further analysis of CPF and determination of possible rational lines
of its development considering unavoidable contradictions between separate
components it is necessary to represent the system in the language of selected
scientific theory — in the form of various kinds of models which help deeper
understanding and discovering of the main idea of the system — Figure 1.
For this purpose, we make a description of the system in scientific research
language of the theory of complex systems synthesis, when CPF is represented
as a complex multilevel hierarchical system interacting with the environment
under influence of which it is being formed. With that, CPF is defined as the
set of interconnected components — architectural and constructional (AC),
engineering and network (EN), engineering and transport (ET), territorial
and spatial (TS), functioning in environmental conditions for the purpose of
providing the required favourable conditions for habitation and life activity of
the society on the given mass housing development area — in accordance with
Figure 1. In this case, the environment implies existing natural and ecological
conditions, generated material and technical potential of the certain territory,
existing managing administrative and financial system and the society of the
given territory.
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l Favorable conditions of the human life activity and factors providing them |
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Figure 1. System complex city planning formation — CPF in the form of multilevel hierarchical system interacting
with the environment.

RESULTS

Realizing the methods of system approach, the CPF components are
considered as subsystems of the First level with their subsequent division
into subsystems of the Second level (common objects) which in turn consist
of elements — private objects, making in total the subject structure of CPF —
according to Figure 2.

Engineering and network component (EN) — pipeline, wire and wireless
communications included into the arrangement of residential community
involving networks of water supply, water drain, heat supply, gas supply,
electric supply, communication and alarm, and also constructions designed
for service of engineering networks and cooperation with them. These include,
engineering and transport component (ET) — buildings and constructions for
service of public and individual transport (depots, garages, parking places,
car-washing facilities, auto repair shops), transport communications (roads,
bridges, trestles etc.), included into the arrangement of residential community.
Other components are, territorial and spatial component (TS) — the set of
undeveloped and modified areas of land having particular functionality or
being a reserve for beautification and development of the given residential
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community. Architectural and constructional component (AC) — the set
of residential, public and administrative buildings and constructions
(monuments, stadiums, fountains etc.) located in the territory of the given
residential community.

City Planning
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Territorial and

Engineering Engineering Architectural
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Common object
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service of engi-
neenng networks
CSEN (Sis) -

Common object

- private objects of the respective common objects and components.

i Aot o &

Buildings and

Common object

Common object

power supply, constructions for
communication parking and po Courtyard and
5| andalam sys- service of public | adjoining space
tem transport e CAS (Saq)-
&(Su) - %(Su) - Common object

S5

Gas supply net- Transport com- Garbagc dumps
works > munications = L
> GSN (Sy) - TC (S1) - GD (Ss5) -

Common object

and Network and Transport Spatial and Construc-

component component component tional

EN () ET (S, TS (S3) component
AC (S4

Water supply po Parking lots po Unequipped Residential
networks - grounds buildings
B WSN (i) > BL(Sz)- UG (Sy) - RB (Su) -
Common object Common object ) ) Common
| po Common obiect .
object
Water drain Garages for po Parks and squares Public and °
networks individual trans- N PS (S3) - office build- o
> WDN (Si) - > port Common object ings
Common object o GIT (S») - po POB (Sa) -
Common
object
Heat supply Car washes Embankments and City construc-
ctworks gl ~ atural reservoirs ti
Sigo O (53): o [
Common object Common object Common object Common
object

Figure 2. The objective structure of the city planning formation as a system including its components and objects.
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As it was already mentioned, one of the most important system design rules
is that when designing the system it is required to consider its interaction
with “external environment”, but the environment, in its turn, should also
be regarded as a system. In our case, the “External environment” system
includes the following subsystems: Natural and ecological conditions of CPF
— the set of natural components (geographical coordinates, climate, waters,
soils etc.) forming natural basis of the given residential community. Material
and technical potential of CPF — the set of building materials used in the given
region, industrial enterprises producing these materials and goods, building
organizations, construction and mounting organizations, branches serving
the construction, and also normative basis regulating construction of the CPF
objects, their use and maintenance. Administrative and financial system — the
set of federal, regional, municipal authorities, regulating the relations among
the CPF components as well as the relations between the whole CPF and the
environment, and providing financing at the expense of the federal funds,
tax and voluntary subscriptions from different enterprises and organizations
(industrial, commercial, banking and financial, entertainment, service etc.),
including the monetary funds of the population of the given territory for
development and reorganization of CPF. CPF society — the total community of
people (population) living in the territory of the given residential community
or connected with it by a certain kind of activity or way of life, which is
expressed by a system of stable social mutual relations.

As it was noted before, the aim of CPF functioning when interacting with
environment is creation of favorable conditions for life activity of the society.
At the same time it is necessary to consider the permissible level of resource
expenditure. This aim as it is formulated is quite difficult to define on the
number scale which makes it necessary to introduce the goal achievement
efficiency index — or criteria — the factors for evaluation of correspondence
between functioning of the system and the given result. With regard to CPF it
is reasonable to take as efficiency index such global factors as “comfort” and
“resource consuming” which in their turn depend on the particular factors.
Interconnection of CPF efficiency indices is shown on Figure 3.
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Figure 3. Composition and structure of CPF efficiency indices.



94 Proceedings of the METNET Seminar 2013 in Luled

Comfort — is characterized by convenience of the habitation and life activity
environment, moral and physical depreciation of this environment. Resource
consuming — is characterized by material and technical consumption, energy
consumption and labour expenditures, measured in money equivalent, for
providing current functioning or rearrangement of the habitation and life
activity environment in order to achieve the required level of its comfort.

The convenience of habitation and life activity of the society in the given
territory is evaluated by expert method, in accordance with corresponding
variants of realization. Moral depreciation — is a gradual (in time) lag
of consumer properties of the earlier created urban funds (buildings,
engineering equipment, infrastructure etc.) comparing to achievements of
the modern operating, architectural and technical level in the given area.
Moral depreciation is measured in percentage terms. Determination of moral
depreciation consists in calculation of costs for elimination of depreciation,
concerning replacement cost of the examined object, in this instance the CPF
with all its subsystems. At that, as a variant of CPF with maximal comfort,
without moral depreciation it is possible to consider the sketch of architectural
and constructional project of mass housing development area developed
in accordance with modern achievements of science, technology, ecology,
architecture, that is in some way “elite”, close to “ideal” project. Physical
depreciation —is a gradual loss of the initial qualities of urban funds (buildings,
engineering equipment, infrastructure etc.) in the process of their natural
aging and deterioration, with decrease of consumer properties, evaluated by
correlation of the cost of objectively necessary repair activities, eliminating
damages of the system, construction, element and their replacement cost.

Possible variants of actions concerning further functioning or reconstruction
of CPF, including all its material components and subsystems after rating
them by corresponding efficiency indices, are as follows:

1.  Maintenance of service properties — current repair.

2.  Repair of the separate objects, areas and elements.

3.  Capital repair.

4. Reconstruction and modernization.

5.  Construction of additional objects, areas and elements.

6. Demolition and dismantling of old objects, areas and elements with
construction of new ones.
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Let us look at the structure and components of the concept “action” with
respect to the given variants in accordance with Figure 4.

Action
Subject of action Object of Aim of action Order of action
action implementation

Figure 4. Structure of the concept “action”.

Subject of action are organizations and enterprises directly implementing
examination, architectural and building projecting and CPF reconstruction
works. Object of action are CPF components which are liable to reorganization
—architectural and constructional component (AC), engineering and transport
component (ET), territorial and spatial component (TS), engineering and
network component (EN) — also including their constituent subsystems and
elements. Aim of action is the reorganization of CPF, including its components,
with achievement of the established level of comfort at the minimal resource
expenses. Order of action implementation is the complex of technical and
technological solutions, providing the achievement of the set aim.

Thus, the system of decision-making on reorganization of CPF has 3 levels
of specification of description — or strata — according to the terminology
accepted in the system analysis as shown in the picture 5 (Mesarovich et al.
1973). Concepts such as subject, object, aim of action are included into the first
level of specification of description of decisions — functional stratum, where
the decisions (R1) are made on the establishment of the concrete content of
these concepts on all the components and subsystems of CPF. On the basis of
the first functional stratum, a different variant of actions on reorganization or
functioning can be chosen for the different CPF components depending on the
established efficiency indices, such as comfort and resource intensity and, in
the general case, the quantity of diverse combinations of variants can turn out
to be very considerable. For example, for the territorial and spatial component
(TS) the variant of actions such as “construction of additional objects, sites
and elements” can be accepted, for engineering and network component (EN)
it can be “general overhaul”, for engineering and transport component (ET)
and architectural and constructional component (AC) — “reconstruction and
modernization”.

The next concept — order of action implementation — has two levels of
specification of description (two strata) — technical and technological. The
second level of specification of description of decisions is technical level,
where the general technical decisions (R2) on achievement of the chosen
aims are formed. For example, the “reconstruction and modernization”
decision on architectural and constructional component, accepted in the
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functional stratum, in its turn, in the technical stratum can be realized by
the development of design decisions on superstructure of floors, extension of
additional sections, change of inner layout, etc.

The third level of specification of description of decisions is technological -
that is definition of thorough and detailed design and technological decisions
(R3), providing the implementation of technical decisions.

Thus, generally, the values of the global efficiency indices such as “comfort”
(K1) and “resource intensity” (K2) depend on the chosen decisions R1, R2,
R3. In this case, the problem of CPF synthesis consists in definition of such
decisions on the functional, technical and technological strata which provide
minimal resource expenses for achievement of the established comfort.
Formally the problem is put down as follows. To find

(R1, R2, R3) optimal = arq min K2 (R1, R2, R3)
<R1, R2, R3>

At the restrictions
K1 (R1, R2, R3) > Krequired
R1€ RD1 - set of admissible actions.
R2€ RD2 - set of admissible technical decisions.

R3€ RD3 - set of admissible technological decisions.

At an estimation of CPF condition as a system, its global and private
efficiency indices cannot be expressed in the form of analytical dependences
on the considered variables (R1, R2, R3), that would allow the forecast
of the developments and to introduce recommendations on functioning
and reorganization of mass housing development areas on the basis of
corresponding mathematical models. To solve the problems of synthesis of
complex systems of this kind, nowadays multistage technological schemes of
their solution are developed (Mesarovich et al. 1973).

The decision-making process at any stratum is divided into 3 subprocesses:
generation of variants, estimation of variants — analysis and choice. These
subprocesses are considered as decision-making layers.
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Figure 5. Technological scheme of decision-making on reorganization of mass housing development areas.

On the “generation” layer operations on formation of admissible variants of
actions on reorganization of each component and corresponding subsystems
of CPF, technical decisions on realization of each chosen action, technological
decisions on realization of each chosen technical decision, are realized.

On the “analysis” layer reception of quantitative and qualitative values of the
indices characterizing CPF efficiency on a set of chosen admissible variants
of actions, and chosen admissible variants of technical and technological
decisions, is carried out.

The “choice” layer includes operations of the search of preferences (in the
meaning of set criteria) of action variants, technical and technological
decisions, which determine rational composition and structure of CPF, and
also values of component, subsystem and element characteristics.

The technology of CPF synthesis — as determination of variants of actions and
decisions on functional, technical and technological strata — consists in time
analysis of the set of formal and heuristic operations on compromise decision-
making on substantiation of CPF structure for the purpose of receiving the
necessary set of working documentation, regulating its reorganization.

At the first stage — that is the draft design of reorganization of a mass housing

development area — the functions (aims) of necessary actions concerning each
component and object of CPF are defined.
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At the second stage — architectural and building project — technical decisions
which are necessary for achieving the generated aims are determined.

At the third stage — concrete working drawings and documentation for
direct implementation of reorganization — the detailed constructive and
technological decisions, realizing the chosen technical decisions, are defined.

As a result, the technological scheme of decision-making on reorganization
of mass housing development areas will look as it appears in the Figure 5.

Thus, the offered methodology allows to form a great number of admissible
variants of actions on reorganization of CPF, as well as to estimate the
efficiency of each variant by the series of basic indices and to make a
reasonable choice of an expedient variant by the accepted criteria.

In Figure 6 there is an example of determining the variants of actions on
reorganization of the CPF object — “Residential building” — with specification
on 3 strata, in assumption that by the set criterion — minimal resource
expenses at the given comfort — the action such as “Reconstruction and
modernization”, and technical decisions such as “Superstructure of floors”
and “Built-in framework” are chosen.

CONCLUSION

The introduced approach to the functioning and elaboration of mass housing
development areas as system complex city planning formations includes two
levels of detailed description specification of the given problem.

The first level — philosophical or cognitive-theoretic — the verbal description
of a plan or a concept, with formation of structure and composition of the
mass housing development areas as system complex city planning formation
— CPF, with definition of the aim of its development and reorganization —
which is to provide favourable conditions for residence and life activity of
the society.

The second level — introduction of CPF system and methods of its
reorganization in the scientific-research language in the form of models
— such as “generation — analysis — choice” for determination of the action
variants on reorganization of CPF, as well as variants of technical and
technological decisions responsible for their implementation.
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Figure 6. Example of determination of the action variants with specification on 3 strata on reorganization of the
CPF object — “Residential building".
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ABSTRACT

Matthews (1992) presents a concept of “Blue Box” for integrating technology into business
strategy. His analysis serves to find and manage the development routes in the inevitable
replacement of old technologies by new ones. Matthews also suggests a practical
approach, a conceptual Management of Technology (MoT) analysis framework, to enable
continuous and intensive discussion and decision-making between business managers and
technologists. This represents one of our approaches to university-business cooperation
(UBC).

The second approach in this paper is to analyse the UBC possibilities from the point of view
of the technological trajectories. A technological trajectory is defined, quite flexible, as the
pattern of conventional problem solving activity within a given technological paradigm
(Dosi, 1982).

When ideas, markets and professions are institutionalized, a technology development can
get ‘stuck’ within one technological trajectory, and organisations as well as individuals
are unable to adapt ideas and innovation from outside.

In this article we develop a method for analysing alternative options for UBC.

INTRODUCTION — THE BLUE BOX CONCEPT

Matthews (1992) argues in his analysis that a company’s business strategy and
technology strategy cannot successfully be developed in isolation. Cooperation
with universities and research institutes is needed and an overall business
strategy should be formulated by taking technological considerations into
account. He illustrates a conceptual framework within a diagram detailing
the central issues together with questions to be asked during the development
process. He also outlines further tools and techniques to probe more specific
issues which can then be related to the overall framework.
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Hakkarainen (2006) describes the original Mathews ideas as follows (Figure
1). The Blue Box covers the interphase development stage where original ideas
are gradually developed into commercial solutions (strategic options stage
in Picture 1). This stage in technological development would fruitfully be
accomplished within UBC.

1 —

OVERHEAD
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- Faith

GOAL 510 YEARS
10 % OF RESOURCES Is it attractive?

is it practical?

/ Is it desirable?

How do we do it?

STRATEGIC OPTIONS

« Assessment
« Selection
GOAL 4-5 YEARS ROI
30 % OF RESOURCES .
* Profit
TECHNOLOGICAL ‘\ GOAL 1-3 YEARS
60 % OF RESOURCES

UNCERTAINTY

MARKETS

RESOURCE ALLOCATION T———~>

Figure 1. Types of research and development projects (Matthews 1990 and Hakkarainen 2006).

ON TECHNOLOGICAL TRAJECTORIES
Kristinsson-Rao classification

The Kristinsson-Rao classification of technological trajectories is based on
industry life cycles. The literature argues that industries go through different
stages. Like an organic life form, industries are viewed as going through what
is usually described as the four phases of introduction, growth, maturity and
decline. Each phase has then its own market structure, and firm characteristics
such as innovation rate and type vary with these stages (Kristinsson and Rao
2013).

In life-cycle analyses, the volume of an industry is usually described by either

the number of firms (Klepper and Simons, 1997) or the sales volume of an
industry (Menhart & Rennhak, 2006). If the sales volume of an industry is the
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unit of analysis the industry life cycle is the sum of product life cycles within
the industry, as shown in Figure 2.
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Figure 2. Industry life cycle and product life cycles (Kristinsson & Rao 2013, based on Menhart & Rennhak 2006).

Following the definition of Dosi (1982), a technological paradigm is “a model
and a pattern of solution of selected technological problems, based on
selected principles derived from natural sciences and on selected material
technologies”.

Correspondingly a technological trajectory is defined by Dosi (1982) as “the
normal problem solving activity determined by a paradigm, represented
by the movement of multi-dimensional trade-offs among the technological
variables which the paradigm defines as relevant”.

In other words, even within the same paradigm there is some room for
choices, where evolution of the technology depends on the directions taken by
the development of the technology, i.e. the technological trajectory.

In many young industries there are two or more alternative technological
trajectories competing for dominance. Firms have an interest in seeing that
the technological trajectory they are currently most knowledgeable about,
would achieve dominance within the industry in longer run. As the industry
matures, some technology trajectories are chosen through a socioeconomic
process, possibly leading to one trajectory becoming dominant. Several
alternate possibilities can emerge from the selection process.

Kristinsson and Rao (2013) have mapped situations where several rival
trajectories might achieve roughly equal and stable market share and two
similar trajectories might compete over a long period for the dominance
while neither achieves it. In Table 1, these and other scenarios are divided
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into six phases each representing a different technological environment for
the firms in the industry. There is no clear order in which these phases will
present themselves; one could easily imagine an industry moving from a
dominant technology trajectory to an environment of two rival trajectories
vying for dominance. However, in general a trend from ambiguity towards
clear dominance might be expected.

Table 1. Emergence of a dominant technology trajectory (Kristinsson and Rao 2013).

Technology Several Competing Dominance
Relatedness Trajectories Competition Dominance
Related A Range of Trajectories Similar Trajectories (lear Dominance
Unrelated Ambiguity Alternate Trajectories Dominance

Kristinsson and Rao (2013) have introduced six phases of the development of
a dominant trajectory within an industry as follows:

Phase I — Ambiguity

Few pioneer firms. Basic research is done in universities. The possible
future technological trajectory is highly uncertain. The range of possible
technological trajectories cannot be identified. Other factors such as possible
demand, institutional factors and competition are also highly uncertain.

Phase IT — A Range of Trajectories

Pioneers in applied research are followed by other organizations. Research
programs take place in the area. Gradually the area is populated by several
actors each working on their own technological design that often represent
totally different technological trajectories.

Phase III — Alternate Trajectories

As the industry matures, stabilizes and the major players become known.
Typically two main trajectories turn up. These alternative trajectories are
often incompatible and therefore there appears a competition for dominance.

Phase IV — Similar Trajectories

The technological development can be described as having two main outcomes
which are related and therefore do not pose so much uncertainty to the firms
as in a regime of alternative trajectories.

Phase V — Dominance

One technological trajectory has achieved dominance above all others. More
than half of the innovations in the industry belong to this trajectory. The
competing trajectories are relegated to minor roles.

Phase VI — Clear Dominance

The majority of the remaining trajectories are related to the dominant one,
thus giving a very focused and homogenous R&D space.
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Pavitt-Hedge classification

The university-industry innovation cooperation in the Pavitt-Hedge
classification of technological trajectories take place mainly in companies
which are specialized (e.g. fabricated metals, machinery, instruments,
electrical, electronics) or science based (e.g. pharmaceuticals, drugs,
chemicals, microelectronics) Table 2.

Table 2. Pavitt's (1984) and Hedge's (2004) sectorial taxonomy and expectations.

Supplier Scale Specialized . Information Primary
. . . . Science based . . .
dominated intensive suppliers intensive services
Agriculture, Fabricated education,
food, wood . metals, Pharmaceuticals, transporta-
Automotive, . .
based, machinery, drugs, . tion,
Core sectors . transport . ; All services
textiles, cquipment instruments, chemicals, finance,
rubber & quip electrical, microelectronics tourism,
plastics electronics health
. . Large & . Small &
Firm size Small Medium Small Medium & Large | Small Medium
T f P P isa-
. ype o . Process Process Product roduct & roduct & Qrganlsa
innovation Process Process tional
Elther' C.OSt Differentiation | Differentiation, Differentiation
Cost affectivity (qualit; Focus strate, (quality, quick
Strategy .. (price) or 4 ¥, . rategy dquatity, q Mixed
affectivity Differentiati performance, (innovation, delivery,
. customization) | quality) customization)
on (quality)
External
sources of Suppliers Suppliers Universities Universities and Users Financers
innovation : | and users and users and users users and users
cooperation

Comparingthe Pavitt-Hedge classification to the Kristinsson-Rao classification,
the following hypothesis could be made: The most important role of universities
in creating innovations and developing new technology are in the early stages
of the industry life cycle, especially in the area of specialized suppliers and
science based industries.

Castellacci classification

To analyze technological paradigms, Castellacci (2008) has arranged industries
in four sectorial categories and eight sub-groups (Table 3):

1. Advanced knowledge providers

« Knowledge-intensive business services (e.g. Software; R&D,
Engineering, Consultancy)

« Specialized suppliers manufacturing (e.g. Machinery, Instruments)

2.  Mass production goods

« Science-based manufacturing (e.g. Electronics)
« Scale-intensive manufacturing (e.g. motor vehicles)
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« Network infrastructure services (e.g. Telecommunications, finance)

« Physical infrastructure services (e.g. Transport, wholesale trade)

Personal good and services

« Supplier dominated goods (e.g. Textiles and wearing)

« Supplier dominated services (e.g. Hotels and restaurants).

Table 3. Main characteristics of various sectorial groups in the Castellacci taxonomy (Castellacci, 2008).

Sub-groups Major function and
Sectoral within Typical relationship to Technological Technological
category | each category | core sectors |technological paradigms regimes trajectories
Knowledge- | Software: R&D; The supporting Opportunity levels: very high N Type of innovafion: new services;
infensive Engineering; knowledge base EZ(\Ternul ;ogjlrlg'res: |gsers ?]nd Umver§|'r}|]$s | otr_gumsano[rj\_t:l |nnovud'r|o1n t
business services | Consultanc of the ICT paradiam ppropriability: Know-how; copyrig nnovation expenditures and strategy:
I(AdVﬂlaned Y paradig Dominant firm size: SMEs R&D; training; cooperations
9 ., . . .
providers Specialised Machinery; The supporting Opportunity levels: high Type of innovation: new products
suppliers [nstruments knowledge base External sources: users Innovation expenditures and strategy:
manufacturing of the Fordist paradigm | Appropriability: patents, design know-how R&D; acquisition of machinery;
Dominant firm size: SMEs sotftware purchase
Science-based | Electronics The carrier industries Opportunity levels: very high Type of innovation: new products;
manufacturing of the ICT paradigm External sources: Universities and users organizational innovation
" Appropriability: patents, design; copyright | Innovation expenditures and strategy:
prodﬂ(sttsion Dominant firm size: large R&D; cooperations
goods Scale-intensive | Motor vehicles |  The carrier industries P Omemn”y Ievelslz' medu:im Type of innovafion: mlxed_produds and
manufacturing ofthe Fordist paradigm xternal sources: suppliers and users  process innovation
Appropriability: design; processy secrecy | Innovation expenditures and strategy:
Dominant firm size: large R&D; acquisition of machinery
) Opportunity levels: medium Type of innovation: mixed process,
. Network Telg- ) The supporting External sources: suppliers and users service and organizational innovation
infrastructure | communications; infrastructure I ; ; ;
_ senvices Finance of the ICT porodigm Appropnabﬂ{ty: stqndurds; norms; design Innovonon'expendlrures and strategy:
Sfuppomng Dominant firm size: large R&D; acquisition of software; training
Infrastructure
Services Physical Transport; The supporting Opportunity levels: low Type of innovation: process
. ’ ; External sources: suppliers Innovafi dit d strateay:
infrastructure | Wholesale frade infrostructure Nopropriabilit: standards: norms. desian | C\2Hion expendifures and sfrafegy:
services of the Fordist paradigm pprop! Domi:ﬁnrfirm ) Iurge, 90| acquisition of machinery and software
Supplier- Textiles and They enhance : Olpportunny Iev?Is; me[[ijmmd Type of innovation: process
dominated wearing the quality xtemal sources: Suppliers ond end USers | noygtion expenditures and strategy:
Persondl qoods offnal products and Appropriability: trademarks; design know-how acquisition of machinery
goods senvices by acquiring Dominant firm size: SMEs
and services | Syppler- Hotels and ond embodying Opportunity levels: low Type of innovation: process
dominated fechnologies related External sources: suppliers 4 —
ominate restourants 1o different oaradi rorhd - SUPE Innovation expenditures and strategy:
services 0 Giflerént parodigms Appranublllry;Pon-rgchnéj\zlEmeans acquisition of machinery; training
ominant firm size: SMEs

In Table 3, university cooperation turns up only in:

— Knowledge-intensive business services (e.g. Software; R&D,
Engineering, Consultancy), where innovations are expected to be
organizational or concern new services

— Science-based manufacturing (e.g. Electronics), where innovations are
expected to be organizational or concern new products.
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Formulating a Model

The types of University-Industry cooperation depend on the degree of the
maturity of the industry. See Figure 3.
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Figure 3. Supplied University Services by Industry Life-Cycle.

On the other hand, some companies are in a continuous stage of quick
development (e.g. electronics). The nature of each competing trajectory is
supposed to be deep and the stage of basic research and radical innovation
possibilities covers a long period. Also companies, whose services are
knowledge-based, look for strong partnerships fostering their activities.

These qualitative considerations above give us a possibility to formulate
a model to connect types of supplied university R&D services to typical
cooperating companies. This is stated in Figure 4.




Order of
[nnovativiness

Remarkable
Scientific
Results

(reating
Business
Knowledge

Producing
Pieces of
[nformation

Making
Recruiting
Riskless

Services
Supplied

Basic
Research;
Radical
[nnovations

Mutual
Research
Programs

Applied
Research;
Minor
Innovations

Daily Work
by Students
or Researchers
in Exchange

Proceedings of the METNET Seminar 2013 in Luled

NSNS N

Scefch of
Typical
Cooperating
Companies

Science-based
Manufacturing

Knowledge
-intensive
Business
Services

All Companies
in the Industry

107

Figure 4. Supplied University R&D Services by Type of Industry.

Consideration of alternative trajectories in company R&D&I

Rautaruukki Oyj (Ruukki) solution, product and production process
development (solution and product management or SPM) is a five stage process
with go/stop decisions made between the stages, Figure 5. Each product group
and key production process has a cross-functional steering group composed
of main stakeholders. These groups are responsible for the overall supervision
of the development portfolio and for generating ideas for new projects in their

area.
Design Pilot, Manage
Identify Solution Manage Scale up Solutions
Customer and and
Opportunities Product Develipment nd Product
Validate
Concepts Portfolio

Figure 5. Ruukki SPM-process for solution, product and production process development.



108 Proceedings of the METNET Seminar 2013 in Luled

The SPM process is very efficient in managing production process and
new product development. As the steering groups are composed of persons
responsible of e.g. development, sales, marketing, production, quality and
production control, they can make fast decisions on launching, freezing
or terminating projects and allocating resources to projects with highest
economic potential. However, this also represents a problem as there is a risk
of adhering exclusively to the existing technology trajectories. Therefore a
concurrent development process for radical innovations is included, Figure
6. In this process new disruptive innovations are explored. They are mostly
related to new collaboration networks, services or business models than
products and solutions. The ideas are developed in this process to concept and
application level and then transferred to the normal SPM process. Sometimes
a new iteration round is needed if the concept is not tangible enough to be
handled by the steering group.

Innovation environment
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External ideas
* Market |
* *k Product roadmaps _ Board |
* * Technology incl. strategy, |
* marketing, |
technology |
- i /_———b ‘
Concept and application devei: /
Business
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divisions, Development projects
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Figure 6. Ruukki innovation environment.

The concept and application development process in Figure 6 is aimed
at finding new technological trajectories. It is related mainly to basic
research and mutual research programmes depicted in Figure 3. University
cooperation and collaboration with other companies play an important role in
these activities as a company cannot have enough resources to cover the very
large research area needed. When the technology or solution proceeds to the
applied research phase, less interaction is possible as the product or solution
is approaching launching and competition normally prevents cooperation
unless commercialization can be made jointly.
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SUMMARY

There exists a risk that companies adhere to their strong historical trajectories.
In this article we examine different options for avoiding this pitfall by utilizing
several theories of technological trajectories and integration of technology
development into business strategy.

In mature stage of industry where the technological trajectories are strong and
balanced, it is difficult to find new technical or commercial breakthroughs.
Therefore it is important that companies are continuously searching for
alternative trajectories and transform them into new businesses. These are
most likely to be found in the area of new collaboration networks, services or
business models.

Any technological trajectory has a limited lifespan. Thus companies that are
not able to renew their technology portfolio are in danger that their business
will shrivel. Active search for new trajectories is therefore needed. As the
resources of any company are limited and different cooperation networks and
e.g. UBC (university-business cooperation) are necessary for renewal of the
industry.
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ABSTRACT

In this paper we focus on SMEs from different industries in Baltic Region. The main goal
is to recognize the husiness potential of sustainable development in this region, to wake
up the companies to be aware of this potential and finally to design visionary business
concepts for number of cases in this field. In the first phase we have designed a tool
based on the reporting guidelines of Global Reporting Initiative (GRI). Our tool is meant
for companies to recognize their business opportunities and business potential generally
throughout the whole value chain as well as new business opportunities across the borders
of other industries.

INTRODUCTION

Sustainable development has been used as a word since Bruntland’s report
1987 (United Nations 1987). Originally, it meant not only ecological, but also
social and economic sustainability. In a broad definition, all the activities
throughout the society, including business, have to meet three challenges, not
harming the future opportunities of the generation first coming to the planet.

At a regional level, in order to achieve sustainable development in practice,
all the Triple Helix dimensions have to be covered, which means actors from
public, private and educational sectors (Etzkowitz & Laydesdorff 1995). The
role of sustainability in the triple helix context have been inspected earlier
(e.g. Yang et al. 2012) but the focus has been in ecological sustainability. In
our paper we are focusing on all dimensions of sustainability, i.e. economic,
social and ecological sustainability.

In business literature sustainable development means different things, e.g.
corporate social responsibility, energy efficiency, lean resource management,
human rights policy or eco-efficiency are the expressions to companies’
sustainable behaviour in the context of society and environment. From the
business perspective, the attitudes of consumers are an important part of
sustainable development. The focus from environmental and ecological
issues has moved towards more broad definition of sustainability including
not only environmental but also healthy and safety aspects of sustainability.
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This is called the EHS criteria. Also, World Business Council for Sustainable
Development (WBCSD), which is a global association of some 200 international
companies, deals with the issues concerning business and sustainable
development.

This project is focused on SMEs from different industries in Baltic Region. The
main goal is to recognize the business potential of sustainable development
in this region, to make the companies aware of this potential and finally to
design visionary business concepts for a number of cases in this field. In the
first phase, we have designed a tool based on the reporting guidelines of Global
Reporting Initiative (GRI). The tool is meant for companies to recognize their
business opportunities and business potential generally throughout the whole
value chain as well as new business opportunities across the borders of other
industries.

SUSTAINABILITY

Sustainability means development with economic, social and ecological balance
not only today but for the future generations (United Nations 1987). In business
context this means also responsibilities in different time frames, i.e. short,
medium and long-term. Economic sustainability includes e.g. economic activity
(profitability, turnover), market position (market share) and indirect impacts
(e.g. via taxation); ecological sustainability in the company’s eyes consists of
material use (how much, which kind of), energy use (efficiency, renewables),
water footprint, CO2 footprint, biodiversity and waste management among
the others. Social sustainability will cover personnel issues like occupational
health and safety and security, but also human rights, corruption, legislation
and product responsibilities.

TRIPLE HELIX MODEL

The concept of the Triple Helix of university-industry-government relationships
interprets the shift from a dominating industry-government dyad in the
Industrial Society to a growing triadic relationship between university-
industry-government in the Knowledge Society. The creative renewal arises
within each of the three institutional spheres of university, industry and
government, as well as at their intersections (Etzkowitz & Leydesdorff 1995).
In other words, the Triple Helix is a metaphor for university, industry, and
government interacting closely, while each maintains its independent identity.
All the Triple Helix actors benefit from some of the capabilities of the other,
even as each maintains its primary role and distinct identity (Etzkowitz 2007).

SUSTAINABILITY FROM TRIPLE HELIX PERSPECTIVES

We have combined the Triple Helix context with the sustainability concept
which means that all the three dimensions of sustainability have to run through
all the actors as a part of triple helix (Figure 1).
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Figure 1. The Triple Helix context combined with the sustainability concept.

In other words, university, government and industry have to adopt
sustainability as a living part of their everyday activities. On the university
side this means e.g. new study programs focusing on sustainability issues, but
as a part of their work, sustainability could and should be a guiding principle.
On governmental side the decision-making process will focus on creating
new opportunities for sustainable solutions. Government has to be seen as
an enabler for new, sustainable business practices. On the industry side,
sustainability will also give win-win-situations with ‘less is more’ solutions,
where the company can win, but also the society and nature will be winners
even in the long-run.

Developed further, this construction could be a bit more advanced, i.e. in
government’s corner the social circle (e.g. equality) has more focus than
in the others; in industrial corner the economic circle is in the middle
and business profit has a bigger role. University perspective will bring
Research & Development & Innovation (R&D&I) to the table, and focus on
multidisciplinary studies combining e.g. natural and technical sciences to
human and commercial perspectives will put attention to ecological issues at
many levels (Figure 2).
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Region is In balance with
Triple Helix model in network
based uction
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Government U , .

Figure 2. The focus of the sustainability dimensions can vary in triple helix actors. Through networking a
balanced sustainability is reached.
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SUSTAINABILITY IN CONSTRUCTION INDUSTRY

As an example, in this paper we will focus on construction industry and
its problems with sustainability issues. In Finland, construction industry
contributes about 10% of annual GNP (Rakennuslehti 2013). Because of
northern climate in Finland, housing is an essential part of everyone’s budget,
i.e. all the sustainable solutions in this side will have a significant impact to
the whole society.

Construction is traditionally a local business. It is closely related to cultural
tradition, design and materials used. Education for construction industry
will also rely on national norms and legislation, including not only individual
houses but all the urban planning and community structure with its
infrastructure. Therefore, triple helix approach combined with sustainability
approach is especially suitable within construction industry and its different
phases and activities. On the governmental side, local authorities have impact
on infrastructural decisions, but they also decide on social and economic
conditions concerning equality and welfare e.g. social housing production.
On the industrial side, the material and energy use, waste and footprints as
well as labour force with all the economic implications and responsibilities
are the key components of sustainability in companies. In the triple helix
context, new university programs will focus on sustainability issues, but they
also will educate new skills and competences for industry in different sectors
including construction industry among the others. The output is, of course,
new study programs and students with new skills and competences, but as a
part of an education task, new attitudes and values will be spread throughout
the society. Also R&D&I project in close co-operation with business people
will create new solutions, which are better by nature in terms of sustainability.

Indicators for assessing the sustainability performance of new or existing
buildings, related to their design, construction, operation, maintenance,
refurbishment and end of life have been defined in ISO 21929-1 standard. The
set of indicators provides measures to express the contribution of a building(s)
to sustainability and sustainable development. ISO 21929-1:2011 adapts
general sustainability principles for buildings and it includes a framework for
developing sustainability indicators for use in the assessment of economic,
environmental and social impacts of buildings (ISO 21929-1).

Sustainability reporting guidelines to the companies are also offered by
the Global Reporting Iniative (GRI) which a non-profit organization that
promotes economic, environmental and social sustainability. GRI provides all
companies and organizations with a comprehensive sustainability reporting
framework that is widely used around the world. Sustainability reporting
helps organizations to set goals, measure performance, and manage change in
order to make their operations more sustainable (Global Reporting Initiative
2013).

We have developed, as part of a sustainable business opportunities project,

a simple tool for companies to recognize their potential in sustainability
as well as to wake up their own awareness in this field. The tool consists of
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the following parts: company-specific background questions, importance
of components of sustainability (economic, social, ecological), the status of
sustainable business today and in the future, the channels to get information
concerning sustainability as well the future focus area of the company in the
future. Testing of the tool and preliminary results from state of the art in
construction industry has been applied among top decision makers in Finnish
construction industry. Economic sustainability is, in the first place social
sustainability, in the second place an ecological sustainability and in the third
place among these repliers (Figure 3). Probably construction industry as an
energy- and material intensive industry has already worked a lot for ecological
sustainability and therefore the other dimensions will rise above that!

None of the repliers said that sustainability does not concern construction
business. All the answers were at least on the level of awareness and some
of them even at the level of active work today or visioning better future for
tomorrow (Figure 4).

Sustainability has been seen for construction industry a part of basic business
but also giving new business opportunities and competitive advantage
today (Figure 5). In the future, competitive advantage was the most often
mentioned reason to develop sustainability as a part of the business. No one
said sustainability drive is only empty words without real opportunities.

“w

Secial sustamabdey
Economic sustainabidity Ecotogical sustaminiity

Figure 3. The dimensions of the sustainable development in which the industry should invest.
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Media seems to be the main channel to meet the challenges of sustainable
development, but also education and authorities are the actors giving impulses
for more active work (Figure 6). Still, money talks and only energy issues
and product and service concepts will arise close to that level of economy.
Economic activities such as profitability and turnover were perceived the most
important issues related to the sustainability in the construction industry
(Figure 7). Also energy, products and services and society were seen as
essential factors. Surprisingly, the respondents did not note ecological issues
such as water, sewage, debris and biodiversity at all. None among human
rights, personnel practices or working conditions were seen important.

g =

°
o-
L) [
58 3 : g
Z3 3 3 ?
i 3 - 2
=3 3 : B

Figure 6. The channel of the sustainable development in the construction industry.
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Figure 7. The most important sustainability issues in the construction industry.

Construction industry is in this paper has been covered only with opinions
of a few experts. In the near future, we will continue the work with in-depth
interviews in construction industry companies in Uusimaa County. Also
other industrial sectors in the region will be covered and data collected
for comparison. Especially from economic viewpoint of sustainability,
international interviews in Sweden and in Germany will be carried out with
focus on EU’s Small Business Act and its opportunities for SMEs. All the
interviews will take place in autumn 2013.

CONCLUSION

This paper presents the first results from our work dealing with sustainability
and triple helix together. Framework developed in this work seems to be
promising. It shows the elements of sustainable development in business
context at local and regional level. It also gives alternative perspectives to a
balanced development in terms of sustainability. Actor-based model will be
replaced by network based model with new features. This gives an opportunity
to develop a dynamic model to examine new business opportunities for
sustainable growth in the way all the actors can focus on the strengths of their
own. This is only a beginning. The research work will continue in autumn
with field work (e.g. interviews), but also theoretical framework development
will be in progress. Sustainability is one of the most important issues in global
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context. Every triple helix hub and every single actor have to be prepared
for the future keeping in mind these three dimensions of sustainability, i.e.
economic, social and ecological sustainability. Without dynamic balance in
this sense there are no business opportunities in the future at all.
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ABSTRACT

Tall towers of wind-powered generators are relatively new types of steel structures widely
applied. At the present time several thousand steel towers for wind-powered generators
are manufactured every year in the world. The paper describes a technique for the
optimisation of steel towers.

INTRODUCTION

During last decade the typical capacity of the wind-powered generators
increased nearly ten times (Perelmuter 2013). Steel towers for wind turbine
go up to a height of 100 m and more and the tower cost approaches 15-20%
of the construction budget for the whole wind-powered generator. Takeing
into account the increasing ratio between the cost of the steel tower and
the construction budget for the whole wind-powered generator, formulation
of an optimization problem for this kind of steel structure is considered as
beneficial.

PROBLEM FORMULATION

Optimization problem is formulated as searching of the optimum design of
the tower for wind-powered generator, which is designed as a steel conic shell
with diameter varied linearly along shell length.

The tower structure was divided into parts along the tower height while using
the finite element method for determination of the stress-and-strain state of
the tower’s conic shell. For each part of the tower a constant thickness and
a constant diameter of the middle surface at lower level were considered as
characteristic cross-sectional dimensions (Fig. 1).

The main parameters of the steel conic shell tower were considered as design
variables, namely: H — the tower’s height; Dpjp, — minimum diameter of the
middle surface of the tower’s conic shell at a height of H (the height of wind
wheel above earth’s surface level); Dyax — maximum diameter of the middle
surface of the tower conic shell at the base level; t; — the thickness of ith part of
tower’s conic shell, i = l...ng , where ng — number of the tower shell parts; Dy, —
the diameter of the wind wheel.
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Figure 1. Design variables of the steel conic shell tower.

The load-bearing capacity of the steel tower’s shell structure should be
verified for two wind load cases. The first wind load case is determined by
the maximum possible wind velocity vHmax,;1 at a height of H above earth’s
surface level (at the height of installation of the wind wheel) by which wind
wheel’s blades of the wind-powered generator are under operating conditions.
The corresponding wind velocity vo,max,1 at a height 10 m above the earth’s
surface level is calculated as (H in m).

v = —_
Vg max.l (H): W T 0,14(In H-In10)

The second wind load case is determined by the maximum possible wind
velocity vo,max,2 at a height 10 m above the earth’s surface level. This wind
velocity characterizes the considered terrain where wind-powered generator
will be installed.

The load-bearing capacity of the steel tower’s shell structure should be verified
for both the wind load cases mentioned above so long as it is not known
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beforehand which of them is more critical. Under the lower wind velocity
Vo,max,1 (Vo,max,1 < Vo,max,2) distributed wind load g ; (H, z;, D;) together with
concentrated pulling load of the wind turbine Fyx (Vo,max,1) apply on the steel
tower structure. Under the higher wind velocity vo,max,» the distributed wind
load gi,» (H, z;, D;) on the tower structure is greater, but the pulling force of
the wind turbine is not applied to the tower’s top due to rotation of the blades
in a feathered position.

Objective Function

The optimization problem of tower for wind turbine with target capacity W"
can be solved by choosing the corresponding diameter D, of the wind wheel
and corresponded wind velocity vy (H), which depends on the tower height H.
It follows from the expression for produced capacity W of the wind-powered
generator, which is estimated based on ideal turbine model proposed by N. E.
Zhukovskyj and A. Betz’s taken into account average annual wind velocity vg
as:

16 p,v; 7D,

W(UH (H)’Dw)= 27 2 4

Naturally, at the same time it is aspired to the minimise the weight of the steel
tower. The theoretical weight of the tower conic shell can be calculated as:

G (Di’ti ) = ”pshs 2 1D,
where ps = 7,8 t/m?3 — the steel density.
In the problem formulation, the produced capacity W of the wind-powered

generator being equal to the target capacity W" was considered as additional
constraint expressed in the form of inequalities (€ — small positive number).

W —e, <W(v, (H).D,)sW +¢,

System of constraints
Constraints of the ultimate limit state were formulated as verifications that
the actual stresses arising in the design cross-section of i part of tower’s

conic shell, here i = 1,...,ns, caused by k" load case combination, should not
exceed the critical stresses of compression (by the local stability):

Ni/Ai +Mi,k/W; Sacr,i
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where o¢;j — the critical stress for it part of the tower’s conic shell; N; — the
design axial force in i*" part of the tower conic shell; M; i — the design bending
moment for i*" part of the tower conic shell subjected to k' load case taking
into account concentrated axial load applied at a height H of tower caused
by self weight of the rotor; Vrm r, Vfmsw — safety factors for self weight loads
caused by the rotor and steel tower conic shell respectively; A; and W; — area
and second moment of inertia of the cross-section of 1" part of the tower conic
shell respectively.

RESULTS OF OPTIMIZATION

A number of optimization problems have been formulated with different
values of target capacity W of the wind-powered generator. These parametric
optimization problems have been solved by improved method of projection
objective function gradient on the surface of the active constraints using
software OptCAD (Peleshko et al. 2009). Initial data are as follows: average
annual wind velocity vy = 7 m/s; maximum possible wind velocities for wind
wheel blades and for considered terrain vHmax,; = 20 m/s and vo max,2 = 30
m/s correspondingly; the design steel resistance Ry = 3,823 t/sm?; safety
factors for wind load Vfmw = 1,2, for rotor self weight V¢ 1,2; for tower self
weight Vfm«w = 1,05. Table 1 presents the results of optimization calculations.
The correlation between the tower height and the generation capacity is shown
in Figure 2.

Table 1. Results of optimization.

w' MWt | Hom | G,t D..m|D_ .m| D, ,m
1,0 75,65 39,76 1,881 4,769 65,65

2,0 98,13 90,74 2,520 6,335 88,13

3,0 114,57 | 147,71 | 2,975 7,482 104,57
4,0 128,02 | 209,00 | 3,347 8,422 118,02
5,0 139,60 | 273,80 | 3,667 9,233 129,60
6,0 149,89 | 341,55 | 3,951 9,955 139,89
7,0 159,22 | 411,90 | 4,209 10,609 | 149,22
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Figure 2. Optimum tower height depending on produced capacity of the generator.

CONCLUSIONS

This paper presents parametric optimization of steel conic shell towers of
wind-powered generators. The minimum weight of the steel tower has been
considered as the objective function when produced capacity of the wind-
powered generators has been fixed at the target level. The tower height,
diameters of the middle surface of the tower’s conic shell at the base level and
at a height of the wind turbine installation, thicknesses of the tower conic
shell, and also the diameter of the wind wheel were considered as the design
variables. The wind loads applied on steel tower shell have been considered
as state variables. The optimization problem, formulated as a non-linear
programming task, has been solved by improved gradient method. Optimum
designs of the steel conic shell towers for the wind-powered generators with
produced capacity of wide range have been defined.
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STRUCTURAL BRACING — FORCES AND STIFFNESS
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INTRODUCTION

The paper deals with the design of structural bracing used in beams,
columns, and frame structures. Bracing used in structural systems generally
serve two primary functions. They resist secondary loads on structures e.g.,
wind bracing and increase the strength of individual members by resisting
deformation in the weakest direction. For the latter case, structural bracing
forces higher modes of deformation by providing resistance to lateral and
rotational displacement. This is achieved through axial, shear, and flexural
deformations of the bracing member. Diaphragms, for instance, provide
restraint through their shear stiffness while diagonal cross-bracing relies on
axial stiffness.

European standards give brief instructions on bracing connection forces and
do not inform much about connection stiffness or the use of sandwich panels
as stabilizing elements. This short survey is made to check other guidelines
and recommendations. Especially the use of self-supporting sandwich panels
as stabilizing elements for single steel members such as beams or columns has
been recently investigated and Recommendations on the Stabilization of Steel
Structures by Sandwich Panels have been published. The possibility to use
sandwich panels as stabilizing elements reduces the weight and costs of the
frame and creates even the method to design frameless buildings.

Manufactures have big challenges to meet present requirements in standards.
The stabilizing elements shall fulfil the requirements shown by the CE-mark
of the product. Depending on the case and practice, the manufacturer shall
provide the additional information about the stiffness and the resistance of
the fastenings or about the shear stiffness and the torsional restraint of the
stabilizing system.

BRACING SYSTEMS

Bracing systems used to control instability fall into four general classifications:
relative, nodal, continuous, or lean-on. Relative bracing systems, such as
diagonal bracing or shear walls, prevent the relative lateral movement of
adjacent stories or of adjacent points along the length of a member. Nodal
systems control the movement only where they attach to the braced member
and do not directly interact with adjacent brace points. Cross-frames or
diaphragms between two adjacent beams are considered nodal braces.
Continuous systems provide uninterrupted support along the entire length of
a member, leaving no unbraced length. Shear walls and roof or floor deck are
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examples of continuous bracing systems. Lean-on systems rely on adjacent
structural members to provide support. Lean-on bracing links together
adjacent structural members such that buckling of one member requires all
members in the system to buckle with the same lateral displacement [1].
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Figure 1. Bracing systems [1].

Structural bracing used to increase the strength of members must possess
both sufficient strength and stiffness. Simple bracing design rules such
as designing a brace to resist 2% of the member compressive force address
only the strength criterion. The stiffness of the brace along with the out-
of-straightness of the member has a direct effect on the magnitude of the
brace force. Design recommendations based on perfectly straight members
should not be used directly in design since extremely large brace forces and
displacements may result.

Winter developed the concept of a dual strength and stiffness criterion for
the design of bracing used to control instability. The required brace strength
cannot be uniquely determined, but depends on both the magnitude of the
brace stiffness and member initial out-of-straightness. The relationship
between these parameters is illustrated for the relative column brace in Figure
2 and can be extended to other types of bracing systems.
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Figure 2. Required brace strength, stiffness and initial member out-of- straightness [1].

In order to reach the Euler buckling load, Pe, the brace must possess a
minimum stiffness known as the ideal stiffness, Bi. Figure 2 shows the
relationship between the brace stiffness and force. When the ideal stiffness
is used (B=Py), as the column load approaches P, the sway deflections become
very large. Unfortunately, this results in very large brace forces since Pp=pA.
At twice the ideal stiffness (f=2f;), the brace force equals 0.4% of the column
load when P=P.. For practical designs, the deflections and corresponding
brace forces are kept small by using brace stiffness greater than the ideal

stiffness.

The plots developed in the figure above were based on an assumed initial out-
of-straightness equal to 0.002L. Larger out-of-straightness values linearly
increase the magnitude of the brace forces [1]. The connections details used to
attach structural bracing members can be of great importance when designing
or evaluating the overall performance of a bracing system. If the connections
are flexible, the stiffness of the overall bracing system can be significantly
less than the stiffness of the bracing member alone. The stiffness of a bracing
system can be evaluated as springs in series using

11 3 1
ﬁsys ﬂbr ﬂconn

The system stiffness, Bsys, will always be less than the smaller of the brace
member stiffness, Ppr, and the connection stiffness values Beonn [1].
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MEMBER BRACING ACCORDING TO EUROCODE [6]

Eurocode 3 Design of Steel structures — Part 1—1 contains rules to prevent
column-beam’s lateral — torsional buckling. It includes, e.g. simplified
assessment methods for beams with restraints in buildings (6.3.2.4).

Z

Xf = _kch cho
1. M

SZ

1
cRd (6.59)
1

<

v.Ed

More rules can be found about lateral torsional buckling of members with
plastic hinges (6.3.5) where significant axial compression in the stable length
may be taken from

L. =35¢ei, for 0.625<y <1

: 6.68
L., =(60—40y)ei  for—1<y <0625 (6.68)

and effective restraint should be provided so that at each plastic hinge
location, the connection of the compression flange to the resisting element
at that point and any intermediate element (e.g. diagonal brace) should be
designed to resist a local force equal to 2,5% of Nf gq transmitted by the flange
in its plane and perpendicular to the web plane, without any combination with
other loads.

For the design of bracing systems it should be verified that the bracing system
is able to resist the effects of local forces Qn, applied at each stabilised member
at the plastic hinge locations, where;

Nz
100

Q. =150,

This verification ensures minimum required stiffness of the bracing system.

Annex BB.3 gives information about stable lengths of segments containing
plastic hinges for out-of-plane buckling concerning uniform members made
of rolled sections or equivalent welded I-sections (BB.3.1).
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The beam at the connection may be regarded as being laterally restrained in
the plane of the sheeting if trapezoidal sheeting is connected to a beam and
the following condition is met according to EN 1993-1-3
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Despite the Eurocodes’ many rules, designers have to master the theory and
the statics in the background to make the right choices. The information about
e.g. product properties i.e. diaphragm sandwich walls, connection forces,
stiffness and fastening properties would help the design.

To convince oneself it would pay to get familiar with other available material

e.g. American Institue of Steel Construction’s (AISC) Guidelines Load and
Resistance Factor Design Manual 2002, Hedman-Pétursson, E.: Column
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buckling with restraint from sandwich wall elements and European
Recommendations on the Stabilization of Steel Structures by Sandwich
Panels 2013.

MEMBER BRACING ACCORDING TO AISC [1]

The LRFD/AISC design recommendations for relative and nodal column
bracing are based on an initial out-of-straightness A=0.002L, where L is the
column length and a brace stiffness equal to twice the ideal stiffness. AISC/
LRFD brace requirements for relative column bracing are

2P,
ﬂbr = -
Ly,
Py, = 0.004P,

where ® = 0.75, Py is the required compressive strength of the column, and Ly,
is the required brace spacing.

125k 300k 175k

Figure 4. Relative column bracing [1].

AISC/LRFD brace requirements for nodal column bracing are:

8P,
ﬂbr =

dLy
P,, = 0.01P,

where ® = 0.75, Pu is the required compressive strength of the column, and
Ly is the required brace spacing. The formulas are on safe side and can be
specified after case by case.
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Figure 5. Nodal column bracing [1].
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Figure 6. Bracing examples [1].

AISC/LRFD presents as well e.g. continuous metal-deck bracing and lean-
on systems and the principles of beam bracing. The LRFD/AISC design
recommendations offer formulas for the required bracing forces and the
required bracing stiffness of beams and columns. The formulas include an
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assumed initial out-of-straightness equal to L/500. As expected, the strength
criteria are near the simple bracing design rules such as designing a brace
to resist 2% of the member compressive force. The stiffness of the brace
along with the out of-straightness of the member has a direct effect on the
magnitude of the brace force. If the connections are flexible, the stiffness of
the overall bracing system can be significantly less than the stiffness of the
bracing member alone.

STABILIZATION OF STEEL STRUCTURES BY SANDWICH PANELS [4]

Sandwich panels are commonly used for enclosures of buildings. They are
fixed to a substructure and they transfer transverse loads, for example snow
and wind, to the substructure. When loaded by in-plane shear forces, sandwich
panels have high shear stiffness. Unlike for related building products such
as trapezoidal sheeting or cassette profiles, the shear stiffness of sandwich
panels is usually not taken into account for the design of the building. The
high shear stiffness can be used for different stabilizing effects.

Sandwich panels can restrain the lateral displacement of single components
(e.g. beams, columns). Therefore flexural and lateral torsional buckling is
prevented. By acting as diaphragm sandwich panels can also be used for
global stabilisation of complete building structures and for transferring
horizontal loads, e.g. wind loads. To act as a diaphragm sandwich panels have
to be connected to the substructure by direct fixings.

The European standard EN 14509 covers the manufacture and design of
industrially made self-supporting structural sandwich panels. The use of
sandwich panels as stabilizing elements extends the application area outside
the scope of EN 14509. Therefore, the extended application area shall be
regulated nationally. Sandwich panels used as stabilizing elements have to
fulfil the requirements shown by the CE mark of the product.

The European Recommendations on the Stabilization of Steel Structures by
Sandwich Panels 2013 gives information about the use of self-supporting
sandwich panels as stabilizing elements for single steel members such as
beams or columns.

Torsional restraint [4]

The torsional restraint is governed by the stiffness of the connection of the
sandwich panel to the supporting structure. Recent research carried out
showed that this stiffness significantly depends on the load transferred by the
sandwich panel. A design concept for the quantification and calculation of the
stabilizing effects on beams under predominantly static loading by sandwich
panels was developed within the framework of the EASIE project. Formulae
for calculating the parameters of this moment-rotation-relation are given for
sandwich panels with three different core materials and connections through
the upper or lower crimp.
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Figure 7. Purlin, sandwich panel and details of fastening [4].

C,
Cs
Cor 1
|- 1 C.‘-‘.i,k +1 C;-'.'n +1 C~(',k
8 e
\ /8

Figure 8. Stabilization: torsional restraint [4].

Limitation of stabilization moment

The torsional restraint given by sandwich panels can be calculated using the
mechanical model based on a torsion spring with the spring stiffness Cyx.
This spring stiffness is a combination of the bending stiffness of the attached
panel Cyc k, the stiffness of the connection Cyy x and the distortional stiffness
Cog,k of the beam to be stabilized.

Within the simplified design model introduced [4] using a secant value Cga,
the stabilization moment mgp shall be limited to the contact moment mg. The
stabilization moment should be calculated using [4].

1
eI e
i S | m,

2 o

Mgy =
Ca4 '

Il
)
a,

A

() |.Q~'



134 Proceedings of the METNET Seminar 2013 in Luled

Limitation of the rotation of the stabilized beam

According to the investigations, the rotation has to be limited to 9 < 0.08. The
rotation of the stabilized beam can approximately be calculated using [4]:

My,

- C,, <0.08

Lateral restraint — in-plane shear resistance [4]

Sandwich panels have a high stiffness and strength when loaded in the plane of
the panel. This can be used to stabilize the supporting structure of the panels
(beams, purlins, columns). The deformation of sandwich panels themselves
caused by in-plane shear load may normally be neglected. The flexibility of the
fixings usually dominates the shear flexibility. The fixings must be designed
for the in-plane shear load. In typical cases, it is not necessary to design the
sandwich panels for this additional load, but it is sufficient to design the panels
for their primary loading consisting of the distributed snow and wind load and
against the forces resulting from the difference of the temperature between
the faces. However, this rule resulted from current experiments, which shall
not be generalized. The resistance of the individual sandwich panels to in-
plane shear load shall be studied in each case. The shear resistance of the
individual panels is influenced by imperfections such as incomplete bonding,
in addition to material properties and thicknesses.

Sandwich panels are normally connected to the supporting structure at the
transverse edges only. They usually do not have connections at the longitudinal
edges. This is common practice, especially for wall panels. Each panel acts as
an individual element.

[
I
IJ'

Ry

Figure 9. Displacement of shear loaded uni-directionally spanning sandwich panels and fastenings.
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For stabilization of each beam the shear stiffness available is
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B is the width of a sandwich panel.
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Figure 10. Position of fastenings at the supports of the sandwich panels [4].

For the stabilization of a beam-column with axial force and bending moment
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For panels at the ends of the beam-column the moment Mg is approximately [4]:
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Figure 11. Forces resulting in the moment Mg [4].

The moment Mg results in the shear forces Vg in the fastenings. These
forces act in longitudinal direction of the panel. The highest forces arise in the
outer fastenings of a panel. The force in the highest stressed fastenings is [4]:

VM _ MS.max
Smax 2 .
Ck VQ _ m MSmax
— S.max L
Cl S nf

Vs mex T \“Vs.‘fm*{ )2 - (VS?max )2

In addition to the design of the fastenings, the displacements resulting from
the stabilization should be limited.
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Figure 12. Individual components of a fastening /4/

Stiffness of fastenings

The translational stiffness of a connection with a self-drilling or self-tapping
screw fastener can be calculated with [4]:

1
2:(1-%F) Doty gy 3-(1-xz)-D-t2, o+t
4-C, 24-EI

v 2

t

‘cor sup

Ky

The fastenings at the longitudinal joints have a wide influence on the stiffness
and also on the load bearing capacity of the diaphragm.
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Figure 13. In the diagram, the shear stiffness S resulting from a stiffness of the fastenings between 0 and
10 kN/mm is shown [10].
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Figure 14. Concerning the forces of the fastenings there is a wide difference between diaphragms with and
diaphragms without connections at the longitudinal joints. [10].
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Stabilisation of frameless sandwich structures

A new application is to use sandwich panels with flat or lightly profiled faces
for frameless buildings. In smaller buildings — such as cooling chambers,
climatic chambers and clean rooms — the panels are applied without any load
transferring substructure. Because the in-plane shear stiffness of the panels
is very much higher than the stiffness of the fastenings, only the fastenings
are decisive for load-bearing behaviour and capacity. So the fastenings have
to be designed for the forces resulting from transfer of horizontal loads [10].

v v Yoo

o

Figure 15. Transfer of horizontal loads in frameless buildings.

Design procedures for sandwich panels subjected to bending moments and
transverse forces are given in EN 14509, but there are no general design
methods for panels subjected to axial loads or a combination of axial and
transverse loads available. A design method for axially loaded sandwich panels
has been developed [10].
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Figure 16. Wall panels with w : w : &
typical loads [10].
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Panels loaded by axial load N and bending moment M, can be designed with
the formulae [10]:

N
k,=C, -(1+08- )
»om 7N,

COLUMN BUCKLING WITH RESTRAINTS FROM SANDWICH WALL ELEMENT

Eva Hedman-Petursson from Luled University of Technology has researched
in the years 1998—2001 the restraining effect of a sandwich element wall
on steel beam-columns. The wall elements give restraint to beam-columns
against buckling in the wall plane and that the resistance of the member
thereby can be increased. A series of full-scale tests, theoretical modelling
and FE-calculations have been performed at the Division of Steel Structures,
Lulea University of Technology.

Her doctoral thesis showed that there is a substantial increase in resistance to
gain that is worth taking into consideration with the element wall assembled
in a conventional way, that is, without connection between the elements.
If the wall structure is recognized as a restraint, a brace, and designed
accordingly a situation with full support for beam-columns can be offered.
The constructive step towards this is to strengthen the horizontal element
joints. Consequently, two different cases have been studied; how to benefit
from a partial restraint in the design of beam-columns with the wall elements
assembled in the conventional way; and how to design the element wall to
offer a full lateral support for a beam-column. Design recommendations were
given for those two cases [11].
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Table 1. Results from full scale testing and FE-simulation.

Test nr.; Moment | Axial force Failure mode

cross section | lever arm | lab. fest FE-simulation | EC3

Test 1; 0 A13.0kN | 405.3 kN 4841 KNV | flexural buckling
lIEAT20 AL5KN | 3986 kN

Test 2, 005m | 223.6kN | 2125kN N70kNY | flexural buckling

[IEA 120 2200kN | 211.8 kN

Test 3; 0 4071 kND | £134 kN 415.6 KNV | lateral torsional buckling
IPE 200 AATKND | 408.2 kN

Test 4 025 m 2044KkN | 184.0 kN 191.6 KN | flexural buckling

PE 200 1992kN | 182.7kN

Test 5; 0 268.3kN | 254.2kN 1255kN® | partially restrained buckling
IPE 200 272.5kN | 261.7 kN A12.3kN9 | in weak direction

Full support for the compression flange in calculation of resistance according to EC3, equation 1

)
Destrig failure just before beam-column collapse
)
)

3 Unrestrained column capacity, buckling in weak direction

) Fully restrained column, lateral torsional buckling

SUMMARY

In this study bracing systems used to control the instability are presented. The
basic theory of a dual strength and stiffness criterion for the design of bracing
used to control the instability is studied. Eurocode is reviewed from the
bracing point of view. Despite the Eurocodes’ many rules, designers have to
master the theory and the statics in the background to make the right choices.
The information about e.g. product properties of diaphragm sandwich walls,
connection forces, stiffness and the fastening properties have to be solved
independently.

American Institute of Steel Construction (AISC) Guidelines on Load and
Resistance Factor Design Manual 2002, the work of Hedman-Pétursson, E.,
Column buckling with restraint from sandwich wall elements and European
Recommendations on the Stabilization of Steel Structures by Sandwich Panels
2013 were examined to confirm the present bracing practices.

The European standard EN 14509 covers the manufacture and design of
industrially made self-supporting structural sandwich panels. The use of
sandwich panels as stabilizing elements extends the application area outside
the scope of EN 14509. Therefore, the extended application area shall be
regulated nationally. The sandwich panels used as stabilizing elements have
to fulfil the requirements shown by the CE mark of the product. The European
Recommendations on the Stabilization of Steel Structures by Sandwich Panels
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2013 gives information about the use of self-supporting sandwich panels as
stabilizing elements for single steel members such as beams or columns. A
new application is to use sandwich panels with profiled faces for frameless
buildings. A design method for axially loaded sandwich panels has been

presented.

REFERENCES

1 Structural Bracing. Brian Chen Joseph Jura.

2 Load and Resistance Factor Design Manual. American Institute of
Steel Construction (AISC)

3 Column buckling with restraint from sandwich wall elements.
Hedman-Pétursson, E.

4 European Recommendations on the Stabilization of Steel Structures
by Sandwich Panels 2013 CIB

5 EN 1990: 2002 + A1:2005 + A1:2005/AC:2010: Eurocode: Basis of
structural design.

6 EN 1993-1-1:2005 + AC:2009: Eurocode 3: Design of steel structures —
Part 1—1:General rules and rules for buildings.

7 EN 1993-1-3:2006 + AC:2009: Eurocode 3: Design of steel structures
— Part 1-3: General rules — Supplementary rules for cold-formed
members and sheeting.

8 EN 14509:2006: Self-supporting double skin metal faced insulating
panels — Factory made products — Specifications.

9 FprEN 14509:2013: Self-supporting double skin metal faced insulating
panels — Factory made products — Specifications.

10 EASIE Ensuring Advancement in Sandwich Constructions Through
Innovation and Exploitation http://www.easie.eu/

11 Column buckling with restraint from sandwich wall elements Hedman-

Pétursson, Eva Doctoral Thesis / 2001-08-30.




Proceedings of the METNET Seminar 2013 in Luled 143

INNOVATION IN MECHANICAL FASTENING
TECHNOLOGY FOR MAINTENANCE-FREE JOINTS

Hans-Albert Staedler

Alcoa Fastening Systems Industrial Products, Telford, UK

ABSTRACT

The paper describes innovative mechanical bolts which are maintenance free.

INTRODUCTION

Alcoa Fastening Systems have experience of many years in mechanical
fastening technologies. Louis Huck (the founder of Huck fasteners) developed
in the middle of 1940s the very first lock bolt system. The functionality of
lock bolt systems is based on cold forming / extrusion technology. A so-
called collar gets cold formed during installation by an anvil (part of a special
installation tool) into unique locking grooves of a pin. After the installation
the fastener is mechanically locked due to this volume-controlled swaging
process. The locking grooves are very often filled with a collar material. This
system results in a natural barrier against vibration and loss of tightening.
Lock bolt systems create vibration resistant and high fatigue-life joints. Since
the very first lock bolts, these systems have been continuously optimized.
A major step was, when Alcoa Fastening Systems came to the market with
pintail-less lock bolts. These systems not longer have a pintail end with blank
and rust effected surface. The installation is faster, smoother and with reduced
noise compared with traditional lock bolts and much faster than conventional
bolts. Germany’s highest construction authority DIBt tested the Bobtail® in
accordance with the EN 1993 regulation and approved it as appropriate for
generating totally maintenance-free joints when correctly installed and with
correlated parts. The Bobtail® delivers also the performance of ISO 12944 C5
M corrosion protection.

Table 1 shows the evolution of lock bolt systems compared with high strength
conventional bolts. The table includes the latest innovation product, the Huck
360 (H360®). The H360® bolt thread is similar to a lock bolt system, has
mild contours and has no stress concentration areas. In comparison with the
lock bolt system, the Huck 360 no longer needs a special installation tool.
It is a removable and reusable nut and bolt system (Figure 1) with vibration
resistance, high fatigue strength similar and installation flexibility to the
equivalent lock bolt. Due to the tightening installation method the tightening
range is larger than for the lock bolt system, but smaller than conventional
bolt systems. The ductile nut thread and its deformation during the tightening
process generate a mechanical lock with a hardened thread of the pin. This
makes the Huck360 the highest strength bolting system for connections
requiring field service with standard tools.
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Table 1. Lock bolt evolution [Source Alcoa Fastening Systems Test Lab. Waco].

High Strength Traditional Advanced Huck 360®
Bolt & Nut Lock Bolt Lock Bolt System

Features

Clamp Load High High High High
Clamp +30% +6% +6% +20%
Variation

Removability Yes Semi-permanent | Semi-permanent Yes
16mmTool <10 lbs. 20 lbs. <10 lbs. <10 lbs
Weight

Vibration Low High High High
Resistance

H360° bolt H360°nut

Figure 1. Parts of H360® system; //Source: Alcoa fastening Systems test lab Waco//

The free running nut thread quickly spins down and tightens while minimizing
damage to coatings. The preloaded H360® thread and conventional bolt/
nut thread detail (Figure 2) shows the difference and reason for this high
resistance against vibration. The nut thread is designed in a style, which
deforms enough material during the tightening process for an afficient locking
mechanism. The nut thread is in ductile hardness and allows for removability
and reusability. This means, that the system is suitable to solve work piece
surface imperfections and/or screw installation strategies for instance in
large flange wind turbine towers.
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Interference between H360° bolt and ductile nut thread.

bolt

Figure 2. Functionality of H360® system; //Source: Alcoa fastening Systems test lab Waco//

The Alcoa internal test results are shown in Figure 3. The conclusions drawn

from the tests are given in Table 2.

Table 2. Summary of Huck 360® features and benefits [Source Alcoa Fastening Systems Test Lab. Waco].

Features

Benefits

Vibration Proof

* Reduction in frequency of maintenance
* Longer equipment uptime

Free running thread

* Fast fit-up

* No coating damage
* Easy removal

* Field serviceable

Shallow low notch factor bolt thread

* High fatigue strength
*  Absorbs high spike loads

Grade8 and Class10.9 tensile and
strength

shear

* Easy upgrade from conventional
* nuts and bolts

Installed and removed  conventional

wrenches

* Field serviceability

145
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Conventional bolt and nut H360° thread

Thread Flanks Thread Flanks

can slide. are Locked.
Nut can move Nut cannot
relative to bolt. move relative to

bolt

UNC thread H360° thread

194 KSI max 141 KSI max
stress in thread ' stress in thread
root radius root radius

27%less stress in thread

Comparison of Huck 360™
to Other Vibration Resistant Nut Designs
in Junkers Tranverse Vibration Test

Preioet )
3 N
L I

Figure 3. Performance of H360® system; //Source: Alcoa fastening Systems Test Lab Waco//
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The Huck 360™ threadhas 5 times the fatigue life of a standard
UNC bolt

Figure 4 shows all the metric and imperial size diameters which are actually
available. In accordance with construction industry needs the diameters are
M24, M27, M30 and M42.

An example for usage of H360® system is in the mining industry. Morbark
Inc. were having poor insert (tooth) life on a Model 1300 Tub Grinder. Using
34” stoverized nuts and Grade 8 Bolts. They were losing “upwards of 6 to 8
teeth a day” according to the operator. Using the Huck 360® they were able to
save approximately 120 hours over a period of five weeks. During that period
of time only 8—10 inserts were lost.

The Huck 360% System & availadle n
3/8% 1/2°,5/8", 3/47, 7/8°, 1", 1-1/8", 1-3/%",

tOmm, 12mm, 16mm, 20mm, and 36mm

Figure 4. Available H360® system bolts //Source: Alcoa fastening Systems//
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(a)
Figure 5. Morbark Inc. Grinder with H360®; //Source: Alcoa fastening Systems //

« Other opportunities for using H360 are in

« Steel construction (Figure 6)

« Truck and trailer

« Agriculture, harvest machinery

+ Rail and railcar

 Car industry

» Mining

+» Construction machines and excavators

« After and repair market where normal screws failed

Structural steel Engineering (Civil Engineering)
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Figure 6. H360® in Steel construction.
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For all applications in construction market an approval is necessary. In
Germany, the approach is through DIBt approval. DIBt is the German
authority for the fulfilment of technical tasks in the field of public law. This
authority sets National Technical approvals. The DIBt is member of EOTA
(European Organization for Technical Approvals).

The actual status is of this approach is:

1. The approach has been generated and the DIBt decided the accredited
test laboratory and the assessor.

2.  The test program has been developed and approved. The test program
includes the tests in accordance with categories A, B, C, D and E in
accordance with DIN EN 1993-1-8. The clear advantage is supposed for
high strength and friction controlled connections (category B, C and E
after DIN EN 1993-1-8.

3. Preliminary and first tests with M27 diameter have been done and
results look good.

Preliminary test for bolt diameter M 27

The aim of these preliminary tests was to get a first impression from an
independent third party about the service which can be provided with
H360® bolt system. These preliminary results are the basis for the official
test program, which will start at the end of 2013. All test specifications have
been developed by Fraunhofer AGP Rostock and in accordance with DIBt
requirements. Specimen for tests material was S355. The Preload (clamp
force) sensor is from company Kistler.

1.  Characteristic preload and preload loss Fp c measured with Piezo
system (Figure 7)

2.  Slip resistance at serviceability and ultimate Fy rk.

3. Cyclic load tests for identifying of self-loosening effects in friction
controlled joints.

4. Preload after multiple retightening processes.
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Table 3. Categories of bolted connections [Source: EN1993-1-8].

Category Criteria Remarks

Shear connections

A Fleqg = Fira No preloading required.
bearing type Fiza < Fyoxra Bolt classes from 4.6 to 10.9 may be used.
Figases F\Rdses 2 Q
B 3 - I" Preloaded 8.8 or 10.9 bolts should be used.
slip-resistant at serviceability e = Ay For slip resistance at serviceability see 3.9.
Firs < Fyxa
C Fora = Fipa Preloaded 8.8 or 10.9 bolts should be used.
. : . Fisa = Fypa For slip resistance at ultimate see 3.9.
slip-resistant at ultimate . ; , 100t
slip-resistant at ultumate Fiey < Nooira Noupa see EN 1993-1-1

Tension connections

No preloading required.

non rI:lm ded ;."“ ( 2"“ Bolt classes from 4.6 to 10.9 may be used.
preioaded i pRa B, pa see Table 3.4.

E Figa = Figa Preloaded 8.8 or 10.9 bolts should be used.
preloaded Firpa = Bypa By pasee Table 3.4.

The design tensile force F,y,4 should include any force due to prving action, see 3.11. Bolts subjected to
both shear force and tensile force should also satisfy the critenia given in Table 3.4,

Test results of characteristic preload and preload loss Fy, ¢

The range of installed preload is arises from the tightening installation
method. The loss of preload is very close to a lock bolt system and shows the
minimal setting effects in the installed system. The reason for this is the
impact of bolt and nut thread style. The determination of preload loss Fp, c has
been identified for each one bolt after 24, 48 and 96 hours. Therefore, a sensor
has been placed into the preloaded connection. After 24, 48, or 96 hours the
nut has been removed with an automatic screwdriver. The disconnection
of the joint is synchronous with the discharge of the sensor. This supplies a
negative signal voltage, which is equivalent to the preload at the point of time
before disconnecting. A continuous determination of preload is impossible
with this test method. For the long time preload loss different tests methods
are necessary.

Test results about slip resistance Fy gi

These tests have been done on double shear specimen S355J2+N material
with a hole tolerance Ad = 2,0 mm. The holes in diameter 2gmm have been
drilled. Style and size of specimen deliver bolt failure as criterion. The bolts
have been equipped with hardened washers. The test speed was 1mm/min
until bolt failure. To get specimen surface friction coefficient pu > 0,5, Zinc-
Silicate in accordance with DIN 18800-7 has been used. The bolt failure
occurred as expected. The A linear inductive displacement transducer picks
up the relative and absolute expansion between outer and middle work piece.
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Displacement has been measured up to 200 pm. The servo-hydraulic machine
software delivered machine force and transfer displacement.

Test spec
H360-bolt (M27. 10.9)
washers
\ Sensor 9071A
g <
specimen, H360-nut (M27)

Vorspannkraftmessung Huck 360™ der Serie abZ-KX-M27-505

450
&00 +
350 -
300
g 50
)
x
150 +
100
4]
© N : _
9 ——frobe | —Pooed — Probe ) —Probed — Prsoe 5 — Prcoe b Probe 7
o .
° s w0 15 20 s 30 38 20 as 50
Zeit [s)
Vors&aem:‘kar::enach Vorspannkraft nach Abfall der
Versuch Nr. Messzeit b Haltezeit Vorspannkraft
Anziehwerkzeug
Fp.('.w z\Fp,L
Fpc
abZ-KK-M27-50s-1 389 kN
abZ-KK-M27-50s-2 377 kN
abZ-KK-M27-50s-3 356 kN
abZ-KK-M27-505-4 50s 340 kN
abZ-KK-M27-50s-5 391 kN
abZ-KK-M27-505-6 357 kN
abZ-KK-M27-505-7 353 kN
abZ-KK-M27-24h-1 24h 389 kN 380 kN 9kN 231%
abZ-KK-M27-48h-1 48h 405 kN 390 kN 15kN 3.70%
abZ-KK-M27-96h-1 96 h 361 kN 348 kN 13 kN 3,60%
Mittelwert 371,8kN = -
Standardabweichung 21,2 kN Preliminary Clamp loss
Variationskoeffizient 5.7 % after 24 hrs
ko (DIN EN1090 [14], Tab. D 1) 1,92 2,31 bis 3’70 %
charakt. Vorspannkraft Fy ¢ [kN] 331,1kN

Figure 7. Draft of test results “Preload and preload loss after 24 hours”; //Source: Fraunhofer AGP Test
Laboratory Rostock, “Prifbericht Nr. P-FhAGP — V1109-03", Rostock 2012 //
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Materialkennwerte: Verbindung: Verbindungsmittel
Bauteilwerkstoff. S355)24N Anzahl Bolzen: 1 Nenndurchmesser. 27,0 mm
Oberfliche: Zink-Silicat-System (u 2 0.50) Anzahl Scherfugen: 2 Bolzen M3G0H-DT27X120DL
Dicko Mittollascho: 30 mm Mutteor: M360NH-R270L
Dicke AuBenlaschen 1S5S mm « 15 mm Anziehdrehmoment 1250 Nm
flr die Verbindung fOr 1 VM und 1 SF
Schichtdicke
Versuchs Nr. [pm) Gleitlast Fy Bruchkraft Versagens- Fomu Fumi
[kN] [kN) art {kN] [kN]
abZ-S-1-H360-M271 84,1 - 250,0 547,50 809.6 Abscheron 2712 404.8
AbZ-S5-1.H360-M27.2 86,2 - 1725 537,49 889 9 Abscheren 765.3 4450
abZ-5-1-H360-M27-3 32,5-190,5 495,54 857.6 Abscheren 2474 4288
abZ-5-1-H360-M27-4 52,5-241% 468,70 8439 Abscheren 2344 422,0
abZ-5-1-H360-M27-5 78,1 - 222.0 447,59 829.7 Abscheren 219.1 4148
Mittchwert 2475 4231 kN
Standardabweichung 215 15.1 kN
Variationskoeffizient 871 % 3.57%
kn (DIN EN1090 [14], Tab. D 1) 2,33 2,33
charakteristische Tragfahigkeiten Ri [kN] 197.3 kN 387.8 kN

Figure 8. Draft test results for shear and slip resistance; //Source: Fraunhofer AGP Test Laboratory
Rostock, “Prifbericht Nr. P-FhAGP — V1109-03", Rostock 2012 /

Cyclic load tests to determine self-loosening effects
in friction controlled connections

Friction controlled joints are preferred in reverse and /or cyclic loaded
connections. Keeping the preload is essential for long service life. Conventional
bolt and nut connections tend to unscrew with time. This effect reduces the
fatigue life of the joints. To determine these effects for H360 system the
following preliminary test has been done.

Specimen used in double shear S355J2-N plates, dry, no rust and uncoated.
Hole diameter 29mm with tolerance Ad = 2,0 mm, drilled.
Hardened washers have been used.

Bolts have been equipped with strain gauges which have been calibrated in
force range 50 up to 400 kN. Therefore, a force can be assigned for each signal
voltage. For statistical reasons 3 specimens were pre-tested. The testing came
out with individual sliding match 113 kN, 153 kN and 182 kN, the average was
149 kN. Further details are described in test report, revision 2 of Fraunhofer
AGP Rostock.
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Ability of retightening of H360 system

This first step of the test about the performance of H360 system for remove
and reuse does demonstrate the ability for instance to solve work piece
imperfections in large flange application.

The results below in picture 10 show the accuracy of preload after 5 time

complete retightening process. The process was by torque control and similar
for both systems in terms of usage of installation tool and test conditions.

H360® preload in kN over rotation angle

sl w1 AN

Figure 10. Draft of test results “retightening of H360®"; /Source: Fraunhofer AGP test laboratory Rostock, 2012.

CONCLUSIONS

Overall the H360® system is already in many applications in rail, mining and
construction in the United States and other countries and now on the approach
to get the DIBt approval. The aim is the ability to generate maintenance free
joints.
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ABSTRACT

Extensive research is currently being conducted on the improvement on the use of
renewable energy. One field is the use of wind energy, where the tower construction is one
of the main issues. This paper deals with new ideas and ongoing research in this area. To
raise the height of steel tubular towers, fatigue as the design limit and constraints due to
transportation issues have to be overcome. Changes in the cross-section are considered as
one of the possible solutions. This work presents an extensive finite element study dealing
with different ways to improve shell stability, which become the limiting criteria if a friction
connection substitutes the common flange connection between two tower segments. The
use of circular and polygonal cross-sections is briefly described and will be investigated
in an experimental programme.

INTRODUCTION

Wind is one of the most important sources of renewable energy. One of its
main advantages is very low CO2-emission while it generates power (Burton
et al. 2001) within a very short payback time. Wind power stations convert
kinetic energy from wind into electrical energy. During the last years, wind
energy had an increase of about 25%. The installed capacity for wind power
all over the world increased from 6 GW in 1996 up to 121 GW in 2008, of
which about 60% are produced in OECD-Europe. In September 2012 the
installed wind power capacity in the European Union hit the milestone of 100
GW, which equals the output of 39 nuclear power plants (EWEA 2012a). This
continuing trend requires growing production.
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The European Wind Initiative (EWI) aims for making wind energy produced
onshore the most competitive energy source by 2020. Until 2030 offshore
wind energy shall follow (EWEA 2012b, 2013a, 2013b, Fichaux et al. 2011).
To improve the wind energy industry’s competitiveness, technologies for
turbines and components, grid integration and management methods will be
focused on. In addition, the design and layout of wind farms as well as the
manufacturing process and structural concept is receiving attention as the
trend of building higher towers is continuing. Therefore, the project “High-
strength tower in steel for wind turbines (HISTWIN)” and the dissemination
of knowledge gained in it fills an important gap in promoting the design of
wind towers, which has been seen as the exclusive work of highly specialized
offices. The competitiveness of steel tubular towers as support for wind
turbines improves by using an innovative solution for the assembling joint:
a friction connection with long open slotted holes (Veljkovic et al. 2012).
Thereby, one of the most common design criteria of the traditional towers, the
fatigue resistance of the flange connection, is overcome and the design of the
shell stability becomes an interesting issue. This opens the possibility to use
higher strength steel grades if the tower shell is properly designed.

Other advantages of this type of connection are
 Simpler design,

« Reduction of construction time accompanied by a decrease of costs for
construction,

« Lower production and maintenance costs,

« Improvement of work conditions, as the bolts can be installed and
maintained always from inside the tower.

Hence, steel tubular towers with friction connections hold the potential to
outclass traditional flange connection towers, which has been proven clearly
within the scope of the HISTWIN project (Veljkovic et al. 2012). To connect
the tubular segments of steel towers in a flangeless way is one of the main
objectives of this project. The substitution of the expensive and fatigue-
susceptible flange connections with friction connections with long open
slotted holes is illustrated in Figure 1. The specimen shown represents one of
the 1:2 scale prototypes developed within the framework of the projects.
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Upper segment

Support for assembly

e

TCB

Slotted hole

Assembly

Cover plate

Lower segment

Cut view

a) Main concept of the friction connection

b) Feasibility test

Figure 1. The HISTWIN connection, friction connection for “the flangeless wind tower”.



160 Proceedings of the METNET Seminar 2013 in Luled

In this type of connection, the two tower segments easily slide over each other.
Long open slots are cut into the lower segment, whereas the upper one contains
normal clearance holes, in which the bolts can be preinstalled and will be
used for angular alignment during positioning of the upper tower segment.
Due to long open slots the lower tower part is quite flexible and therefore less
sensitive to assembling tolerances. During the tightening process of the bolts,
these flexible “fingers” will move towards the stiffer outer tower segment.

Instead of single washers, cover plates per bolt column are used. They hold
the bolts in position during assembly and distribute the bolt force uniformly
afterwards. The overlapping part of the connection also improves the shell
bending stiffness.

The resistance of a friction connection mainly depends on the slip behaviour
of the joint, which is directly related to the clamping force of the engaged bolts
as well as the surface conditions of the clamped plates. The performance of
various bolt types has been tested. To predict the behaviour of the connection,
long- and short-term tests were performed. From these tests, a function for the
loss of pretension in the bolts could be established and the correction factor
ks, which considers the hole geometry, and the correction factor u taking into
account the slip could be obtained and improved.

Additional tests compared the behaviour of the common flange connection
to the one of the new type of friction connection and show that the bolts keep
their forces more constantly in the friction connection. The friction connection
behaves completely elastically until it reaches its ultimate resistance, which is
higher than that of the common flange connection, and fails in a ductile way.

From the fatigue tests, it was found that the ultimate fatigue resistance
for friction connections according to EN 1993-1-9 is very conservative
(Eurocodes, 1—9). In reality it was found to be more than twice as high as the
fatigue resistance for the common flange connection.

DESIGN OF FRICTION CONNECTIONS

High strength friction grip connections, or simply friction connections, work
by clamping together the plates of the joint with the help of high strength
friction grip bolts. These bolts are usually of grade 10.9 or even higher. Load
applied on the plates is lead across the connection by friction. For design of a
friction connection the general rules of, for example, Eurocode 3 part 1—8 can
be followed (Eurocode3, 1—8):

k-n-
F;,Rd =— ? M.F;J,C ®
Y M3
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Where Fsrq is the static design resistance of the joint,

ks is the coefficient depending on the type of hole,
n is the number of friction surfaces,
m is the slip factor,

YM3 is the partial coefficient, usually 1.25,
Foc is the pretension force for the sum of all bolts in the joint.

The slip resistance of the connection can be regarded as ultimate limit state.
Of course, fatigue of the connection has to be checked as well. The friction
connection in steel tubular towers can be regarded as detail category 9o
(Veljkovic et al. 2012; Eurocode3, 1—9).

The design for a friction connection can be carried out segment wise, so
that it is not necessary to take the complete cross-section of the tubular
tower into account but only a segment, which corresponds to the distance
between two rows of bolts. It is important that although the lap joint becomes
unsymmetrical by this simplification, it can still be regarded as constraint
in three dimensions by the complete tower cross-section. Obviously, the
serviceability limit state needs also to be checked, but it is not regarded as
critical for the design of a tubular tower.

ONGOING RESEARCH: HISTWIN 2

The substitution of the common flange connection by the use of friction
connections with long open slotted holes changes the design driving criteria
of the tower. The fatigue resistance of the flanges is no longer the main
constraint. Instead, the stability of the steel tube limits the resistance and
thereby the height of the structure. Also, transportation to the construction
site raises questions, as it defines the maximum diameter of the tower.
Since on-site welding is not an option, the tubes have to be transported to
the construction place as one piece of full cross section. To overcome this
problem, a modularized tower is suggested, in which the parts of the tubular
cross section are bolted to each other. Herein, friction connections will join
the tower segments even in vertical direction, see Figure 2. Ongoing research
is aimed at studying the behavior of circular and polygonal cross sections.
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Figure 2. Circular vs. polygonal tubular cross section of the steel modular tower, two segments of modularized
tower are shown.

As the door opening forms a hole in the tower structure, this represents one
of the weakest parts of the construction. Therefore, the shell around the hole
has to be stiffened to transfer the applied load. There are two alternatives,
which have been considered in a finite element analysis at LTU: a) to increase
the thickness of the shell structure surrounding the door opening or b) to
implement a stiffener.

FINITE ELEMENT STUDY

An extensive finite element study was carried out in order to investigate the
influence of a door opening in the lowest tower segment (Tran et al. 2013).
A height of the lowest tower segment of 6.7 m, a diameter of 4.15 m at the
bottom and 3.919 m at the top and a wall thickness of 37 mm were considered.
A parametric study showed that for a door opening of 750 mm a stiffener with
a 37 mm thickness would be sufficient to obtain the same resistance as in a
tower segment without opening. Raising the steel grade from the common
S355 to S500 or even S650 reduces the thickness of the stiffener by 22% and
38%, respectively. Figure 3 shows that the different steel grades reach the same
moment resistance. But the reduced thickness has to be taken into account.
The study also showed that the position of the door opening within the cross-
section does not affect the ultimate strength of the tower significantly.
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Figure 3. Comparison of various steel grades to stiffen the door opening.

EXPERIMENTS

Experiments are planned to be performed at LTU in order to investigate
the effects of using high strength steel, cold forming bend in manufacture
and opening. Coupon tests will be carried out and considered as input data
of numerical models. Coupon specimens will be cut off from original plate
specimens. The positions of coupon specimens will reflect effects of cold
formed corner on the strength of material. Figure 4 shows positions of coupon
specimens in circular and polygonal plate specimens.

Figure 4. Positions of coupon specimens.

163




164 Proceedings of the METNET Seminar 2013 in Luled

Figure 5 shows a coupon test being performed at LTU. A 100 kN Dartec
machine is used for these tests. Displacement of the coupon specimens is
measured by an Epsilon Extensometer with a 25 mm of gage length and travel
in tension and in compression of 12.5 mm and 6.25 mm, respectively.

Figure 5. Set up of coupon tests.

36 L-specimens with different angles and different thicknesses will be tested
in order to investigate the effects of different angles in corners of the polygonal
tower. Figure 6 shows L-specimens with angles: 90°, 100°, 120°, 140°, 160°
and 170°. 4 mm and 6 mm plate thicknesses are considered. The length of L

specimens is 600 mm.
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Figure 6. L-specimens with different angles.
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In addition, there are 32 specimens with opening and without opening made
of different steel grades, see Table 1.

Two types of cross sections are polygonal and circular. Figure 7 shows plate
specimens with opening and without opening.

Figure 8 shows a compression test with a circular downscale specimen

without opening. The experiments are performed using an Instron system
with a maximum load of 4500 kN.

Table 1. List of plate specimens.

Name of . Length | Thickness Number of
specimens Material (mm) (mm) specimens
Test-1 650MC 1000 6 4
Test-2 650MC 1000 6 4
Test-3 650MC 1000 6 4
Test-4 650MC 1000 6 4
Test-5 650MC 1000 4 4
Test-6 650MC 1000 4 4
Test-7 650MC 1000 4 4
Test-8 650MC 1000 4 4

]

Figure 7. Plate specimens with opening and without opening.
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Figure 8. Compression test of plate specimen.

The failure modes obtained in the experiment and by FEA are rather similar
as it is shown in Figure 9. It should be emphasized that material used in

numerical simulation is S650. The properties of this material are defined in
Tran et al. (2013).
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Figure 9. Deformation of opening circular plate specimen with 6 mm thickness.
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Preliminarily results for the ultimate loads are presented in Table 2.
Differences between results range from 1.1% to 7.6%.

Table 2. Preliminary initial results of ultimate load.

Ultimate load (kN)
According to EC3 According to experiment Difference %
Test-Cir-1 3292 3255 1.1
Test-Cir-D-1 2672 2484 7.6
Test-Pol-1 3177 3258 2.5
Test-Pol-D-1 2567 2444 5.0

CONCLUSIONS

From the findings described above, the following can be concluded when
using friction connections in tubular steel wind towers:

1.  Fatigue endurance of the towers with the friction connections increases.
2.  Shell stability may often be the main design criterion.

3.  The use of higher steel grades than the common S355 may be justified
from the structural point of view.

4. The use of higher steel grades for the segment with the door opening
leads to less material.
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