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Stabilization of Steel Beams of Monosymmetric
Thin-Walled Cross-Section by Trapezoidal Sheeting

Ivan Balazs, Jindfich Melcher

Abstract—Steel thin-walled beams have been widely used in
civil engineering as purlins, ceiling beams or wall substructure
beams. There are often planar members such as trapezoidal sheeting
or sandwich panels used as roof or wall cladding fastened to the steel
beams. The planar members also serve as stabilization of thin-walled
beams against buckling due to loss of stability. This paper focuses on
problem of stabilization of steel monosymmetric thin-walled beams
by trapezoidal sheeting. Some factors having influence on overall
behavior of this structural system are investigated using numerical
analysis. Thin-walled beams in bending stabilized by trapezoidal
sheeting are of primarily interest of this study.

Keywords—Beam, buckling, numerical analysis, stability, steel
structures, trapezoidal sheeting.

I. INTRODUCTION

TEEL thin-walled beams are prone to losses of stability
due to slenderness of the cross-section. Planar member
such as trapezoidal sheeting fastened to a thin-walled beam
has positive influence on resistance of the beam against
flexural, torsional or lateral-torsional buckling since it
increases critical force or critical moment. It is a problem of
bound deformation of the beam along the span (prescribed
axis of rotation) [1]. Further, structural system consisting of
thin-walled steel beams in bending and trapezoidal sheeting
will be treated here. The lateral buckling of the beam is
prevented due to certain shear stiffness of the sheeting [2].
Actual behavior of the structural system is very complex
and mathematical solution in a close form is not possible.
There is number of factors affecting stabilizing performance
of trapezoidal sheeting such as stiffness of planar member,
way of load transfer from the sheeting to the beam,
characteristics of fasteners etc. [3]. Regarding current
standards for design of steel structures [4], there are some
simplified provisions for stabilization of beams by trapezoidal
sheeting. Some factors are taken into account by empirical
coefficients. A brief outline and results of a parametric study
concerning standard provisions were published in [5].

II. SUBJECT OF THE STUDY AND ASSUMPTIONS

The goal of this study is to investigate stabilizing effect of
selected types of trapezoidal sheeting on steel thin-walled
beam in bending. A relevant problem of stability (lateral-
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torsional buckling) is hence dealt with. A simple beam is
considered, the spans L are equal to 3m and 6m. The
trapezoidal sheeting is fastened at the top flange of the beam.
The sheeting is in the so called normal position. Two cases
will be investigated: the ribs of sheeting are oriented in the
perpendicular direction to the beam (case A) and in parallel
way (case B). In both cases, the sheeting is supported on all
four edges. Two types of trapezoidal sheeting from Arcelor
Mittal ironworks sortiment with different depth are utilized
[6]: Arval 200/420 (the depth H is 200mm) and Arval
50/262.5 (the depth H is 48mm). Various value of trapezoidal
sheeting shear stiffness is thus examined. The dimensions of
sheeting used can be seen in Fig. 1. The thickness of the
sheeting ¢ is 1mm. The material is steel of S320 grade
(according to the producer).
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Fig. 1 Dimensions of trapezoidal sheeting

The sheeting is supported by steel thin-walled beams of
monosymmetric cross-section. The hot-rolled UPE 100 and
UPE 300 sections are utilized (Fig. 2).
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Fig. 2 Dimensions of the beams

The material is steel of the S235 grade. Fig. 2 shows also
orientation of the coordinate system. The x axis is longitudinal
axis of the beam.

In Fig. 3, there is a schematic picture of entire structural
system.
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Fig. 3 Structural system

The spacing between each beam is equal to 3m. In the static
point of view, trapezoidal sheeting is actually a continuous
beam with two fields. The beam constituting its intermediate
support will be investigated in the following parts of the paper.
Its load width is 3m. The sheeting is fastened to the beam in
each rib.

The load is assumed as uplift uniformly distributed load ¢
(kN/m?) acting on the trapezoidal sheeting. The uplift load is
normally caused by wind. Under this condition, the bottom
(free) flange is in compression and thereby more likely to
buckle laterally.

III. NUMERICAL MODELING

A. In General

The analysis is performed using numerical modeling. The
Dlubal RFEM 4 code based on finite element method (FEM)
is utilized. The structure is modeled using shell elements,
finite elements network is generated automatically by the
code. The thickness of each part of beams is assigned
according to Fig. 2. The finite element size is set to 30mm.
There is a contact between the beam and the sheeting with
complete transfer of forces.

B. Supports

A special attention has to be paid to the beam supports.
Since the beam is in bending, lateral-torsional buckling might
occur. According to the background document [7] to the
current standard for design of steel structures [8], standard
fork condition should be considered when dealing with lateral-
torsional buckling. It prevents lateral displacement of the
beam in the supports while warping can develop freely.
Standard fork support condition is schematically illustrated in
Fig. 4.

Fig. 4 Fork support condition

The implementation of fork conditions in the finite element
model can be seen in Fig. 5. In practice, the fork support
conditions can be affected by stiffeners at the supports [9].

Fig. 5 Implementation of fork support conditions

The sheeting is supported at all four edges. The support of
its edge perpendicular to the investigated sheeting is modeled
in a simplified way using flexible support with stiffness
corresponding to stiffness of the section UPE 100 or UPE 300,
respectively.

C. Imperfections

Since stability of thin-walled steel members is investigated,
proper implementation of imperfections is of big importance.
The imperfections take into account behavior of real thin-
walled member. It is possible to implement them in the form
of initial curvature, see Fig. 6. Its amplitude for thin-walled
slender beams ¢, is given in the standard [8] according to
appropriate lateral-torsional buckling curve.

Fig. 6 Initial imperfection of the beam

For hot-rolled U-section, a curve d applies. The amplitude
of initial curvature e, for this instance for flexural buckling is
given by (1), where L is span of the beam.

0, =L (1)

When dealing with lateral-torsional buckling, it is possible
to consider it as half of the given value [8] so that (2) applies:

e, = L )

In the considered cases (span of the beam L is 3m or 6m),
the amplitudes of initial curvature of the beam are 10mm or
20mm).

In case of trapezoidal sheeting, the phenomenon of local
buckling might occur. Its character differs somewhat from the
phenomenon of overall buckling of beams. The appropriate
amplitude of initial imperfection for local buckling of
compressed flange should be implemented carefully.
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According to [10], the amplitude of initial buckling 4 (mm)
can be given as in (3), where ¢ (mm) is the thickness of
sheeting.

A=6-t-exp(-2-1) (3)
In this case (thickness of the sheeting ¢ is 1mm) the

amplitude of initial buckling calculated according to equation
(3) is 0.81mm, see Fig. 7.

Fig. 7 Initial imperfection of the sheeting

D. Process of the Numerical Analysis

Within the frame of the numerical modeling, stability
analysis using RF-STABILITY module of the RFEM code
was performed. The first eigenmode was adopted as the mode
of initial buckling (curvature) with given amplitudes. The
geometry of the beam and sheeting was modified according to
the first eigenmode using RF-IMP module of the RFEM code
so that “real” (imperfect) members were thereby obtained.
This module enables to update geometry of a structural system
according to desired eigenmode gained from preceding
stability analysis. After this, a geometrically nonlinear analysis
(2™ order theory) of the imperfect system (GNIA analysis) is
ready to be performed [11]. In the following figures (Figs. 8
and 9), the initial imperfections created by the RFEM code can
be seen. For the reason of better clarity, there is the
imperfection of part of the sheeting only in Fig. 9.

Fig. 8 Initial imperfection of the beam (bottom flange, from below)

Fig. 9 Initial imperfection of the sheeting (detail)

Having defined the geometry of the structural system, load,
support conditions, materials and implemented the initial
imperfections, the geometrically nonlinear analysis can be
performed. The uplift uniformly distributed load ¢ was
incrementally increased until the analysis stopped due to
convergence problem. Achieved load magnitude was
recorded. In all cases, this occurred because of instabilities in

the trapezoidal sheeting finite element network. This
corresponds to the expected mode of failure of the trapezoidal
sheeting due to local buckling of extremely thin walls of the
sheeting. The sheeting is thereby limiting factor in such
structural systems.

The behavior of the UPE beams was investigated more
detailed. The values of the internal forces in the preceding step
before collapse were recorded and evaluated. Since shell
elements were utilized in the FEM analysis, specific internal
forces n (kN/m) were obtained and appropriate value of stress
were calculated manually using (4), where o is normal stress
and ¢ is thickness of appropriate part of the beam (top flange,
bottom flange, web). Regarding the beam, other internal forces
than n, were of low magnitude and therefore neglected.

o= 4)
t

The magnitude of displacement u (mm) was recorded as
well. Since the beam is considered and modeled as simple
beam, the magnitudes of internal forces and displacements
were read at nodes of finite element network at midspan of the
beam.

The calculated magnitudes of the normal stress o,will be
used for the check of the beam load-carrying capacity using
(5), where f,(MPa) is yield strength of the material of the beam
(235MPa for S235 steel). If (5) is fulfilled, the check is
satisfactory.

o, < fy %)

IV. RESULTS OF THE NUMERICAL ANALYSIS

The results of geometrically nonlinear numerical analyses
of imperfect structures are divided into two groups: case A
(ribs of sheeting in the perpendicular direction to the beam)
and case B (ribs in the longitudinal direction). Both cases are
further divided according to the type of the beam (UPE 100,
UPE 300) and according to the depth H of the trapezoidal
sheeting.

A. Case A — Perpendicular Orientation of the Ribs
The situation is drawn in Fig. 10.

e

Fig. 10 Case A

In Table I there are maximum magnitudes of uniformly
distributed uplift load ¢ (kN/m?) and appropriate deflection u
(mm) of the simple beam read at midspan.
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TABLET TABLETII
PARTIAL RESULTS INTERNAL FORCES AND STRESSES, UPE 100 SECTION, L=6 M
Depth Maximum . . Specific normal force Normal stress
Span 32:2 of the magnitude iﬂiedcst;:; Sheeting Type Node n, (kN/m) o,(MPa)
L(m) ion sheeting of the load 1 (mm) Arval 50/262.5 1 2555.6 340.7
H (mm) q (KN/m?)
Arval 502625 2 2741.8 365.6
3 UPE 100 48 0.65 .44 Arval 502625 3 273738 365.0
3 UPE 100 200 082 10.37 Arval 502625 4 -3024.0 -403.2
3 UPE 300 48 1.75 0.82 Arval 420200 1 510.4 68.1
3 UPE 300 200 220 L4l Arval 420200 2 4549 60.7
6 UPE 100 48 147 156.96 Arval 420200 3 481.1 -64.1
6 UPE100 200 031 25.20 Arval 420200 4 430.6 574
6 UPE 300 48 1.97 737
6 UPE 300 200 0.40 132

The magnitudes of specific normal force n, (kN/m) were
read in the four significant nodes of the UPE section, where
the flange of the section turns into the web. These nodes are
plotted in Fig. 11. The appropriate magnitudes of normal
stress o, were calculated using (4). The flange thickness of the
UPE 100 section is 7.5mm and of the UPE 300 section
15.0mm.

3 4

Fig. 11 Significant nodes to read the results

In the following tables there are magnitudes of internal
force n(kN/m) obtained from the RFEM code in the above-
mentioned nodes as well as appropriate magnitudes of normal
stress o,(MPa). Tables II and III apply for the UPE 100
section.

TABLE II
INTERNAL FORCES AND STRESSES, UPE 100 SECTION, L=3 M

Specific normal force

Normal stress

Sheeting Type ~ Node 1, (KN/m) (MPa)
Arval 50/262.5 1 325.2 434
Arval 50/262.5 2 307.5 41.0
Arval 50/262.5 3 -384.8 -51.3
Arval 50/262.5 4 -338.6 -45.1
Arval 420/200 1 549.6 73.3
Arval 420/200 2 505.3 67.4
Arval 420/200 3 -534.0 -71.2
Arval 420/200 4 -485.8 -64.8

In Figs. 12 and 13, there are normal stress diagrams
corresponding to the results listed in Tables II and III,
respectively.

UPE 100 UPE 100
Arval 50/262,5 Arval 420/200

43,4 73,3
41,0 ﬁ 67,ﬁ
“45,1

-51,3 -71,2 -64,8

Fig. 12 Normal stress diagrams (L = 3 m)
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Fig. 13 Normal stress diagrams (L = 6 m)

There is analogical data for the UPE 300 section in Tables
IV and V.

TABLE IV
INTERNAL FORCES AND STRESSES, UPE 300 SECTION, L =3 M

Specific normal force

Normal stress

Sheeting Type ~ Node

n, (kN/m) g (MPa)
Arval 50/262.5 1 146.1 9.7
Arval 50/262.5 2 137.3 9.2
Arval 50/262.5 3 9.1 0.6
Arval 50/262.5 4 -213.7 -14.2
Arval 420/200 1 318.7 21.2
Arval 420/200 2 308.8 20.6
Arval 420/200 3 -3533 -23.6
Arval 420/200 4 -202.4 -13.5
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TABLE V TABLE VI
INTERNAL FORCES AND STRESSES, UPE 300 SECTION, L =6 M PARTIAL RESULTS
. Specific normal force Normal stress Depth Maximum .
Sheeting Type Node n, (KN/m) o(MPa) Span Beam of the magnitude Deﬂg ction
Cross- . at midspan
Arval 50/262.5 1 736.1 49.1 Lm)  hon  Sheeting of the load 4 (mm)
Arval 5012625 2 745.4 49.7 H (mm) q (kN/m')
Arval 502625 3 7313 -48.8 3 UPE 100 48 3.60 528
Arval 502625 4 7784 -51.9 3 UPE 100 200 4.10 10.70
Arval 420/200 1 141.1 9.4 3 UPE 300 48 4.0 0.53
Arval 420/200 2 144.9 9.7 3 UPE 300 200 475 0.93
Arval 420/200 3 -145.4 9.7 6 UPE 100 48 0.70 9-80
Arval 420200 4 -138.9 93 6 UPEI00 200 1.80 8.63
6 UPE 300 48 0.72 1.29
6 UPE 300 200 1.90 1.17

In Figs. 14 and 15, there are normal stress diagrams
corresponding to the results listed in Tables IV and V,
respectively.

UPE 300 UPE 300
Arval 50/262,5 Arval 420/200
9,2 9,7 20,6 ]IEDZLZ

06
-14,2 -23,6 Z13,5

Fig. 14 Normal stress diagrams (L = 3 m)
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Fig. 15 Normal stress diagrams (L = 6 m)

B. Case B — Longitudinal Orientation of the Ribs

In the following tables and figures there are analogical
results for the case B. In Fig. 16 there is the situation of the

L]

Fig. 16 Case B

In Table VI, there are maximum achieved magnitudes of
uplift load q (kN/m2) and appropriate deflections at midspan
of the simple beam.

The internal forces and appropriate normal stresses at
significant nodes of the beam are listed in Tables VII and VIII
for the UPE 100 section and in Tables IX and X for the UPE
300 section according to the trapezoidal sheeting type used.

TABLE VII
INTERNAL FORCES AND STRESSES, UPE 100 SECTION, L=3 M

Specific normal force

Normal stress

Sheeting Type Node . (KN/m) o.(MPa)
Arval 50/262.5 1 125.3 16.7
Arval 50/262.5 2 174.5 233
Arval 50/262.5 3 -354.2 -47.2
Arval 50/262.5 4 -175.2 -23.4
Arval 420/200 1 72.5 9.7
Arval 420/200 2 94.6 12.6
Arval 420/200 3 -422.7 -56.4
Arval 420/200 4 199.8 26.6
TABLE VIII

INTERNAL FORCES AND STRESSES, UPE 100 SECTION, L=6 M

Specific normal force Normal stress

Sheeting Type ~ Node 1, (KN/m) o.(MPa)
Arval 50/262.5 1 129.3 17.2
Arval 50/262.5 2 108.5 14.5
Arval 50/262.5 3 -218.7 -29.2
Arval 50/262.5 4 -190.0 -25.3
Arval 420/200 1 16.4 22
Arval 420/200 2 59.8 8.0
Arval 420/200 3 -186.3 -24.8
Arval 420/200 4 -265.8 -35.4
TABLE IX

INTERNAL FORCES AND STRESSES, UPE 300 SECTION, L =3 M

Specific normal force Normal stress

Sheeting Type ~ Node

n, (kN/m) o,(MPa)
Arval 50/262.5 1 51.2 3.4
Arval 50/262.5 2 102.6 6.8
Arval 50/262.5 3 -118.0 -79
Arval 50/262.5 4 26.6 1.8
Arval 420/200 1 -11.4 -0.8
Arval 420/200 2 109.4 7.3
Arval 420/200 3 -142.5 9.5
Arval 420/200 4 70.7 4.7
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TABLE X

INTERNAL FORCES AND STRESSES, UPE 300 SECTION, L =6 M

Sheeting Type ~ Node Specific normal force

Normal stress

n, (kN/m) o,(MPa)
Arval 50/262.5 1 103.4 6.9
Arval 50/262.5 2 100.2 6.7
Arval 50/262.5 3 -85.0 5.7
Arval 50/262.5 4 92 0.6
Arval 420/200 1 79 0.5
Arval 420/200 2 81.6 54
Arval 420/200 3 -85.3 5.7
Arval 420/200 4 -64.0 43

The corresponding diagrams of normal stress are in Figs.
17, 18 (UPE 100 section) and Figs. 19, 20 (UPE 300 section).

UPE 100
Arval 50/262,5

UPE 100
Arval 420/200

23,3\§ 16,7 12,6 , 9,7
26,6

47,25 -23,4 56,4

Fig. 17 Normal stress diagrams (L = 3m)
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Fig. 18 Normal stress diagrams (L = 6 m)
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Arval 50/262.5 Arval 420/200
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Fig. 19 Normal stress diagrams (L =3 m)
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Fig. 20 Normal stress diagrams (L = 6 m)
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C. Graphical Outputs of the Numerical Analysis

Selected representative graphical outputs obtained from the
RFEM code are displayed in the following figures. In Figs. 21
and 22 there are images of deformation. The normal force n,
diagram is displayed in Fig. 23.

——
—

Fig. 21 Deformation (UPE 300 and Arval 420/200, L =3 m)

Fig. 22 Deformation (UPE 300 and Arval 420/200, L = 3 m)

Fig. 23 Normal force n, (UPE 300 and Arval 420/200, L =3 m)

D.Comparison with Beams with No Stabilization

For the purpose of comparison, numerical analyses of UPE
100 and UPE 300 sections with no stabilization were
performed. All the rest of assumptions listed above remained
unaltered as well as the procedure of the analysis. Unlike the
above mentioned structural systems where areal uniformly
distributed uplift load ¢ (kN/m?) applied on the sheeting was
considered, now only linear uniformly distributed load g,
(kN/m) intersecting the center of gravity acting on the top
flange of the section was applied. The comparison is presented
in Table XI and Fig. 24 for the UPE 100 section and in Table
XII and Fig. 25 for the UPE 300 section, both for the span L =
3m. There are also magnitudes of deflections at midspan. For
the beams stabilized by trapezoidal sheeting, the maximum
magnitude of loading is the loading when the analysis failed
due to instabilities in the trapezoidal sheeting finite element
network. For the beams with no stabilization, the magnitude of
the load is the load that causes stress equal to yield strength at
midspan in the beam. Areal loads were modified to linear
loads using load width. In Table XIII and Fig. 26 and Table
XIV and Fig. 27 there are analogical results for the span L =
6m.
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TABLE XI .
COMPARISON, UPE 100 SECTION, L=3 M Comparison (UPE 100, L = 6 m)
Stabilization Areal load Linear load Deflection 6
° g (RN)  qu(kKN/m) u (mm)
No stabilization - 6.20 35.62 z 3
Case A, H=48 mm 0.65 1.95 5.44 7 ' — 48
Z 4
Case A, H=200 mm 0.82 2.46 10.37 e A 200
Case B, H=48 mm 3.60 10.80 5.28 <3 B 43
Case B, H=200 mm 4.10 12.30 10.70 l—? — 3 200
527 @=mNo stab.
=
Comparison (UPE 100, L = 3 m) =1
14
04 |
12
Z 10 — 18 Fig. 26 Graphical representation of results acc. to Table XIII
= 5 A200
P s TABLE XIV
o B 200 COMPARISON, UPE 300 SECTION, L =6 M
g 1 A N0 stab. = =
5 Stabilization Areal load  Linear load Deflection
? . g (KN/m*)  gi(kN/m) u (mm)
0 No stabilization - 17.3 59.78
. . . Case A, H=48 mm 1.97 591 7.37
Fig. 24 Graphical representation of results acc. to Table XI Case A, H = 200 mm 0.40 120 132
TABLE XII Case B, H=48 mm 0.72 2.16 1.29
COMPARISON, UPE 300 SECTION, L =3 M Case B, H=200 mm 1.90 5.70 1.17
Stabilization Areal load Linear load Deflection
g (kN/m?) ¢ii(kKN/m) u (mm)
No stabilization - 67.50 2159 Comparison (UPE 300, L = 6 m)
Case A, H=48 mm 1.75 5.25 0.82 20
Case A, H=200 mm 2.20 6.60 1.41 18
Case B, H = 48 mm 4.05 12.15 0.53 g'ﬁ
Case B, H = 200 mm 4.75 14.25 0.93 Z A8
12 A 200
T 10 B 18
- =]
Comparison (UPE 300, L =3 m) T 8 =B 200
50 E 6 =)o stab.
0 4
70 5
=
£ a0 0 ||
E A 4§
= 30 A200 Fig. 27 Graphical representation of results acc. to Table XIV
T 40 B 48
= o =B 200 For more detailed results of comprehensive numerical
§ 2 =N stab. analyses of steel beams of monosymmetric thin-walled cross-
3° sections in bending and torsion, the reader is referred e.g. to
B e — t [12].
od L

Fig. 25 Graphical representation of results acc. to Table XII

TABLE XIII
COMPARISON, UPE 100 SECTION, L =6 M

Stabilization Areal loz;d Linear load Deflection
g (kN/m’) Giin(kN/m) u (mm)
No stabilization - 1.40 100.86
Case A, H=48 mm 1.47 441 156.96
Case A, H=200 mm 0.31 0.93 25.20
Case B, H=48 mm 0.70 2.10 9.80
Case B, H=200 mm 1.80 5.40 8.63

V. SUGGESTIONS FOR FURTHER RESEARCH

There are several possibilities to develop the presented
problem. Regarding numerical modeling, it is possible to
utilize finite elements of smaller dimension to get more
precise results or to utilize spatial elements instead of the shell
ones. The latter option is however associated with demanding
requirements for performance of computer used for analyses
and requires significantly longer computing time. Parametric
study dealing with influence of the size of the finite elements
on accuracy of the results can be performed. Another way to
proceed might be more accurate modeling of the beam-
sheeting connection, especially in the point of view of
stiffness or flexibility of fasteners. The influence of some
factors having influence on the stabilization of beams can be
assisted by testing.
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VI. CONCLUSION

This paper summarizes results of numerical geometrically
nonlinear analyses of structures consisting of a thin-walled
beam and trapezoidal sheeting fastened at the top flange of the
beam. The analyses were performed using finite element
method and focused on stabilization of the beam by the
trapezoidal sheeting. The uplift load was applied over the
entire surface of the sheeting so that the free flange of the
beam was in compression and prone to the loss of stability.
With the exception of one case of exceeding yield strength
(see Fig. 13), all the investigated cases met the requirements
for satisfactory check of normal stress including lateral-
torsional buckling (5) for given span of the beam. The rate of
stabilization for these cases is thereby sufficient.

The results show that trapezoidal sheeting is usually
limiting factor in these structures. The failure of the sheeting
occurs normally sooner than normal stress in the beam reaches
the yield strength so the sheeting limits the maximum
permissible load.

The presented graphical outputs display expected behavior
of the monosymmetric sections used in this study. The top
flange is supported by the sheeting, the bottom one is free and
hence displacement can develop. Since the shear center of the
U-section is situated outside of the section the load acts
eccentrically. It results in torsion of the section. It is also
evident from the normal stress diagrams.

The paper brings some suggestions for further research and
some ideas for more precise numerical modeling.
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