Index 351733 DOI: 10.24425/ace.2022.143045

ARCHIVES OF CIVIL ENGINEERING

FACULTY OF CIVIL ENGINEERING
COMMITTEE FOR CIVIL AND WATER ENGINEERING

ISSN 1230-2945  \/o]. LXVI1II ISSUE 4 2022
= 2022. Katarzyna Ciesielczyk, Robert Studzi«ski. pp. 389 402

This is an open-access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives

License (CC BY-NC-ND 4.0, https://creativecommons.org/licenses/by-nc-nd/4.0/), which permits use, distribution, and reproduction @@@@
BY NC ND

in any medium, provided that the Article is properly cited, the use is non-commercial, and no modi cations or adaptations are made.

Research paper

Experimental investigation of sandwich panels supported
by thin-walled beams under various load arrangements
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Abstract: In the paper there the laboratory tests of interaction between thin-walled beams of the / cross-
section and the sandwich panels with PIR foam core are presented. The di erent numbers of connectors
(0, 4, and 8) were used to connect the sandwich panels with the thin-walled beams. Furthermore,
the parallel and perpendicular to the longitudinal axis of the thin-walled beam load arrangement was
analysed. The research provides a qualitative and quantitative comparison of the mentioned experiments
using the ultimate capacity, the deformation capacity, and the sti ness. In the second part of the paper,
the numerical analysis of the thin-walled beam was also performed. The beam was modelled as a shell
element and loaded in two ways, which corresponded to the loading scenario during laboratory tests
(uniformly distributed and concentrated loads). The results of the numerical calculations of the beam
without lateral stabilization were compared with the laboratory results of the beam stabilized by the
sandwich panels.
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1. Introduction

The interaction between cold-formed thin-walled beams and cladding elements has
become a permanent part of the process of designing steel industrial halls. The claddings
made of corrugated (trapezoidal) cold-formed sheets are formalized in Eurocode 3 [1]
by introducing three construction classes. These construction classes de ne the level of
interaction between the cladding element and the main structure (main columns and rafters)
or the secondary structure (purlins and side rails). It should be emphasized that the level
of interaction is directly related to the connection provided between the corrugated sheets
and structural elements.

The recent research indicates that a similar approach can be used for the other cladding
elements such as sandwich panels. In [2] the authors pointed out that the high in-plane
sti ness of the sandwich panels can provide lateral-torsional stabilization similar to those
which can be obtained by the means of bar elements. In that paper, the literature review
related to the determination of the in-plane sti ness and strength was discussed. More-
over, the importance of the connections in such a structural system was also depicted. The
continuation of this research can be found in [3], where the detailed investigation of the
mechanical connectors used to join the sandwich panel with thin-walled beam elements
was discussed, which resulted in the mechanical model of the fasteners. In [4] the authors
conducted research related to the behaviour of the free ange of the cross-section of the
beam stabilized by sandwich panels. The authors focused on the concept of the notional lin-
ear spring placed to that free ange. The research was based on the roof system’s full-scale
laboratory test, which consisted of the / thin-walled section and the sandwich panels. In
conclusion, the results from these laboratory tests enabled us to apply the simpli ed proce-
dures from EN 1993-1-3 [1] more practically and directly by supplementing the areas with
absent information in code provisions. The in uence of the uplift load on the lateral restrain
of the thin-walled beam by sandwich panels was investigated experimentally in [5, 6]. An-
other research area was connected with the diaphragm behaviour of the sandwich panels,
see [7,8]. In [7] the research covers the investigation of the pin-base frames braced by sand-
wich panels. Itis considered how this structural system can dissipate seismic actions. In that
paper, the nonlinear dynamic analysis was used to verify the hypothesis of the behaviour of
the sandwich panels as shear diaphragms in seismic areas. In [8] the research covers the in-

uence of the various parameters on the shear diaphragm behaviour of the sandwich panel.
The research is based on small scale laboratory tests. The authors also proposed and inves-
tigated full-scale laboratory tests of various joint reinforcement methods. In [9] the authors
in the experimental approach (full-scale tests) indicate that the number of the fasteners has
asigni cantin uence on the capacity of the stabilized by sandwich panel thin-walled beam.
The nite element analysis complements this research. The connection sti ness between the
sandwich panel and the thin-walled beam element considering the number of mechanical
fasteners was investigated in a small-scale test in [10]. The above-presented research pa-
pers investigated the interaction between sandwich panels and the cold-formed thin-walled
elements. Nevertheless, also the hot-rolled sections are commonly used in the case of steel
industrial halls. The interaction between the sandwich panels and the hot-rolled purlins was
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investigated in [11]. The presented research reveals that special emphasis should be placed
on fasteners. The mechanical connectors’ problems also appear in other modern composite
structures such as aluminium-timber [12, 13] or aluminium-laminated veneer lumber [14].

In [15] the aspect of the shape and mutual orientation of thin-walled beams on the
interactione ciency with sandwich panels was presented. In that paper, the / and  cross-
section shape was investigated. The nine orientations of the sections were investigated, see
Fig. 1. It can be noticed that the orientation set-up was in some cases symmetrical (// (1,
/7 (2, (1, (2) and asymmetrical (// , 4 1,/ 2,
/ 3). Moreover, the mixed and non-mixed section setup was used.
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Fig. 1. Cross-sections orientation according to [15]

In that research, the authors pointed out that the investigated cross-sections (/ ) are
characterized by di erent geometrical properties that in uence the sensitivity to lateral-
torsional buckling. On the one hand, the position of the shear centre in the case of the
/ section is favourable because is signi cantly closer to the load plane than the shear
centre of the  section. It means that the torsional shear stresses will be smaller for the /
cross-section. On the other hand, the principal central axes of the / cross-section are more
rotated concerning the load plane than in the case of the  cross-section. It means that in
the case of combined bending the bending about the minor axis will be larger in the case
of the / than the  cross-section. In [15] the in uence of the shape and orientation of the
cross-section was investigated numerically, using the model validated in previous authors’
research [9].

The present paper is a continuation of the research presented in [15] namely, the
most reasonable orientation and shape from the practical usage point of view in structural
building engineering i.e. the Z/-A case (see Fig. 1). The full-scale laboratory tests were
executed in order to investigate the in uence of the various load arrangement on the
behaviour of thin-walled /-beams stabilized by sandwich panels. Moreover, the in uence
of the number of connectors used to join beams with sandwich panels was considered.

2. Testbed setup

In Figure 2 the scheme of the testbed is depicted. The tested structural system consisted
of two sandwich panels attached to the two / cross-section thin-walled beams (orienta-
tion //  presented in Fig. 1). The sandwich panels were made of a softcore made of
polyisocyanurate foam (PIR) and two steel facings with a thickness equal to 0.545 mm for
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the upper facing and 0.491 mm for the bottom one. The sandwich panel was 1100 mm in
length, 650 mm in width and 80 mm in nominal thickness.
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Fig. 2. The geometry of the testbed

The beam cross-section, see Fig. 3, was cold-rolled from the steel sheet with a thick-
ness equal to 1.5 mm. The structural system component elements’ material properties
corresponding to the data obtained during the laboratory test presented in the authors’
article [15].
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Fig. 3. The thin-walled cross-section geometry (( and  represent the shear
and gravity centre respectively)

The thin-walled beams were supported by angle cleats with lengths equal to 200 mm.
This kind of support was used to avoid the local compression of the thin-walled beam web.
The angle cleats were fastened to the special supports, which allow rotation around the
beam’s local H-axis. The pictures of the used support are shown in Fig. 4.

Fig. 4. Support of the structural system
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To connect the thin-walled /-beam with the cladding, the typical self-drilling fasteners
for sandwich panels were used. A di erent number of these fasteners were used to connect
the upper ange of the beam with the sandwich panel: 0, 4 and 8. The arrangements of the
fasteners are shown in Fig. 5.
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Fig. 5. Fasteners arrangement (view from above): a) O fasteners, b) 4 fasteners, c) 8 fasteners

The presented structural system was subjected to two load arrangements: parallel and
perpendicular to the beams’ longitudinal axis (local G-axis), see Fig. 6a and Fig. 6b respec-
tively. The load was induced by the loading cell displacement with a 5 mm/min velocity.
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Fig. 6. Test bed view: a) * load arrangement, b) % load arrangement
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The application of a load parallel to the longitudinal axis of the beam causes that the load is
uniformly distributed over its entire length. In turn, the application of the load perpendicu-
lar to the axis of the beam causes the transfer of the load in the form of a concentrated load
in the middle of the beam span, which can be considered a three-point bending scheme. In
the further analysis, the load parallel to the beam axis will be signed with the letter *, while
the load perpendicular to the beam axis with the letter %. In Table 1 the nine laboratory
tests that were carried out are listed.

Table 1. List of the performed experiments

No Sample Number of Load
' name fasteners type

ko

1 0 *1 0

2 0 *2

3 4 *1 4 uniformly

4 4 *2 distributed
* 1

5 8 *_ 8

6 8 *2

7 4 %1 4
; concentrated

8 8 %1 8 load

9 8 % 2

During the laboratory test, the vertical displacements of the thin-walled beam bottom

ange in the middle of its span and vertical displacement of the sandwich panel middle

point were measured. The collected measurements were the basis for further comparative
analyses.

3. Presentation of the results

According to the presented testbed and the research plan, the results from the experi-
ments will be presented. The conducted research describes the kinematic and mechanical
response of the structural system, consisting of sandwich panels and cold-formed thin-
walled beams. Please note that the investigated system of sandwich panels and thin-walled
beams is understood as one complex structural element where sandwich panels play two
roles. The sandwich panels transfer all the loads onto the thin-walled beams as well as
provide the lateral restrain for the upper ange of the thin-walled beam to prevent or limit
the lateral-torsional buckling. The analysed structural system refers to typical industrial

oor systems that are characterized by the beam span (1) to beam spacing (2) ratio (! 2)
in the range of 2.5 to 4.0. In the case of the structural system investigated in this article, the
beam span (! =2 1 m) to the beam spacings (2 = 0 54 m) ratio is equal to 3.89.
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The designed research aims to show how the sti ness and the capacity of such a struc-
tural system change for di erent load arrangements and a di erent number of fasteners.
As presented in Section 2 the two load arrangements will be investigated. The rst load
arrangement simulates the situation when the beam supporting the sandwich panel is sub-
jected to a uniformly distributed load case *; see Fig. 2. The second load arrangement
simulates the situation when the beam is subjected to a concentrated load in the middle of
the beam’s length  case %, see Fig. 3. The latter case can be also considered as three-point
bending. Another design parameter refers to the number of mechanical fasteners used to
connect sandwich panels to thin-walled beams. For both load arrangements, four and eight
fasteners were used. The case with a freely supported sandwich panel, i.e. without fasten-
ers, was considered for the * load case, not for the % load case. It was because of the two
phenomena. Firstly, the external edges of the sandwich panels would be signi cantly lifted.
Secondly, below the load line, the panels would be separated. These two phenomena would
make it impossible to transfer the load from the sandwich panel to the beam.

3.1. Equilibrium load-displacement paths

Figure 7 shows the equilibrium load-displacement paths. The force values and vertical
displacements are measured on the ordinate and the abscissa axes, respectively. The thin-
walled beams used in the experiment are of the / cross-section and the assumed load plane
arrangements (* load, % load) do not coincide with both the cross-section shear centre
and the cross-section main axes. Therefore, the thin-walled beam’s vertical de ection is
accompanied by both the horizontal de ection (about the local H-axis) and the rotation of
the section (about the local G-axis).

(@) (b)
Fig. 7. Load vs vertical displacement equilibrium paths of the investigated structural system: (a) sand-
wich panel vertical displacement, (b) thin-walled beam vertical displacement

The series of laboratory tests presented in Fig. 7 refers to the various laboratory
arrangements listed in Table 1. They should be read in the following way: the rst part
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refers to the number of mechanical fasteners: 0 without fasteners, 4 four fasteners,

8 eight fasteners. The second part refers to the load distribution along a thin-walled
beam: * uniformly distributed, % concentrated load in the middle of the bam. The third
part refers to the consecutive number of tests in the series. In Table 2 the data presented in
Fig. 7 are listed, where max represents the ultimate force applied to the investigated system,
* and % represent load type, Dy (o represents the vertical de ection of the sandwich panel
at the ultimate force, Dy  represents the vertical de ection of the thin-walled beam vertical
de ection at ultimate force, 1 (s represents the maximal linear force for the sandwich
panel, and 1 represents the maximal linear force for the thin-walled beam concerning
the vertical displacements.

Table 2. Selected data from the experiments

Test name o~ 4] 8*]| 4% 8w
Type of a load along beam uniformly distributed load concentrated load
Number of fasteners used 0 4 8 4 8
Location of failure mechanisms SP SP SP B B & SP
max [KN] 19.5 21.2 25.8 7.7 12.4
* [kN/m] 4.64 5.05 6.14
% [KN/m] 3.85 6.2
Dy (9% [mm] 22.6 25.3 28.8 33.0 35.2
Dy [mm] 11.8 122 154 11.9 155
1 (o [KN] 11.3 12.2 17.7 5.5 10.2
1 [kN] 17.6 20.0 21.3 7.3 11.7

Please note that the thin-walled beam also de ects horizontally (D. ) and there was
adi erent horizontal displacement of the top and the bottom anges. These displacements
were not measured during the experiments, but it is expected that the resultant mechanical
understood as force vs. resultant displacement response will not be so linear as presented
in Fig. 7b. In Table 2 the location of failure mechanisms is also presented where SPrefers
to the failure of the sandwich panel, refers to the thin-walled beam failure.

3.2. Failure mechanisms

The data presented in Table 2 depicted that the load arrangement for the considered
structural system in uences the location of the leading failure mechanism. It was observed
that in the case of the * load (load perpendicular to the sandwich panel span and parallel to
the beam length), the core shear failure of the sandwich panels limited the overall capacity
of the structural system, see Fig. 8a. Simultaneously the thin-walled beams manifested
only the elastic bow deformation. The bow deformation was realized in two directions 4,
(vertical i.e. along the local I-axis) and 4y (horizontal i.e. along the local H-axis). The *
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load arrangement also reveals that the four mechanical fasteners” occurrence causes both
the delamination between the bottom facing and the core along sandwich panel length and
the pull-out of the edge fasteners, see Fig. 8b. Further increase in the number of fasteners
(eight fasteners), causes the exceeding of the plastic bearing resistance of the top sandwich
panel facing in the vicinity of the edge fasteners (the top facing tear was noted).

(@) (b)
Fig. 8. The failure mechanism for the load type *: (a) core shear; (b) bottom facing-core delamination,
fastener pull-out, and top facing tear

In the case of the % load (load parallel to the span of the sandwich panel and perpen-
dicular to the beam length), for four fasteners, the weakest link was the thin-walled beam
which has bow deformation coupled with local instability of the section under the applied
load, see Fig. 9. In Figure 6 one can notice that additionally, for four fasteners, an edge con-
nection between the panels was open at the bottom. The same failure of thin-walled beams
was obtained for eight fasteners nevertheless, the fastener’s pull-out was also observed as
well as the core crushing under the applied load.

Fig. 9. The failure mechanism of the load type % with four and eight fasteners

4. Discussion of the results

The results of laboratory research of the structural system that consists of two thin-
walled beams and two sandwich panels with PIR foam core depicted that both the resistance
and the failure mechanisms are dependent on the load arrangement. In the case of the *
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load type, the resistance of the structural system was depended on the shear capacity of
the sandwich panel core. On the contrary, in the case of % load type, the resistance of the
structural system was dependent on the local buckling of the web of the thin-walled beam.
Additionally, in both load arrangements, the thin-walled beam global bow deformation
was observed. This bow deformation in the case of * and % load was elastic and plastic
respectively. Nevertheless, it was observed that, for both load arrangements, the increasing
number of fasteners had increased the resistance of the structural systems. For * load the
resistance increases by 9% (four fasteners) and 32% (eight fasteners) with respect to the
situation of zero fasteners. For % load the resistance increases by 61% (eight fasteners)
with respect to the situation of four fasteners.

To ndthein uence of the sandwich panel on the increase of the capacity of the thin-
walled beam, numerical simulations were done. Therefore, the shell nite element model
in AxisVM software was created. The boundary conditions were set up providing the free
rotation about the local H-axis (”yy = 0 kNm/rad) and constraining the other degrees of
freedom (¢ = “y = 7y = 101 kN/m; g6 = ” 11 = 1010 kNm/rad). The elastic-plastic
model of the steel grade S320GD was assumed, see Fig. 10. Two load scenarios were
considered namely, concentrated forced applied in the middle of the top ange % = 3 85 kN
and uniformly distributed loading applied along the top ange * =5 05 kN/m. Both loads
were 10 mm in o set from the cross-section web, see Fig. 12 and Fig. 13.

Fig. 10. De nition of the material nonlinearity:
elastic-plastic model

The two-stage nite element analysis was performed. In the rst stage, the linear
buckling analysis was used to nd the rst local and the rst global buckling mode shape.
Then based on Eurocode 3 [1] the magnitude of the local and global imperfection was
determined. The local imperfection magnitude was established for the wall without ribs i.e.
491 =1 100 = 100 mm/100 = 1 0 mm. The global bow imperfection was established as
for the lateral-torsional bucklingi.e.4p =05 ! 100=05 2100 mm/100 =105 mm.
In Figure 11 the introduced imperfections into the analytical model are depicted.
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Fig. 11. Local and global imperfections introduced into the analytical model

The global analysis was performed using Geometrically and Materially Non-linear
Analysis with Imperfections included (GMNIA). The considered thin-walled beam was
meshed using triangular shell nite elements with average mesh elements size of 2 cm.
Reducing the mesh size does not cause the results. In Figures 12 and 13 the results of

Fig. 12. Thin-walled beam with uniformly distributed load *: * = 50% from 5.05 kN/m =2.52 kN/m

Fig. 13. Thin-walled beam with concentrated load %: % = 60% from 3.85 kN = 2 31 kN
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GMNIA analyses are depicted. Due to the lack of convergence of the nonlinear analysis
50% and 60% of the load were applied in the case of the U and P load respectively.

The performed global analysis (GMNIA) depicted that considered thin-walled beam
without lateral restraint provided by sandwich panels is characterized by smaller capacity.
In the case of the uniformly distributed load, the unsti ened beam can safely transfer only
50% of the load of the thin-walled beam which is laterally supported by the sandwich panel
which is attached via four fasteners. In the case of the concentrated force, the unsti ened
beam can safely transfer only 60% of the load of the thin-walled beam which is laterally
supported by the sandwich panel which is attached via four fasteners. Please note that
the resultant force is signi cantly higher (66%) in the case of the U load arrangement.
This is in agreement with the fact that uniformly distributed load is favourable concerning
concentrated load from the point of view of the beams in bending.

5. Concluding remarks

In the paper, the laboratory results of the structural system consisting of thin-walled
cold-formed beams and sandwich panels are presented. According to [17,18] it is assumed
that the sandwich panels provide stability to thin-walled beams. The laboratory research
revealed that the considered structural system is sensitive to the load arrangement. It was
obtained that the load which is parallel to the longitudinal axis of the thin-walled beam
allows the transfer of at least a twice higher external load than the load perpendicular to
the longitudinal axis of the beam. Furthermore, it was depicted that the di erent failure
mechanisms were associated with the investigated load arrangements.

The research also pointed out that the number of fasteners improves the stabilization of
the thin-walled beams and therefore increases the overall capacity of the considered struc-
tural system for both load arrangements. Furthermore, increasing the number of fasteners
leads to more complex failures localized in di erent areas of the structural system.

The nite element analysis complements the laboratory research. The nite element
simulations investigated the kinematical and mechanical response of the thin-walled beam
without any lateral or lateral-torsional stabilization. The obtained results when compared
with laboratory data reveal that the interaction with the sandwich panel provides almost
twice the capacity of the beam.
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siebie. W oparciu o europejskie rekomendacje oraz wcze-niejsze badania autor w zak'ada sif, »e
w analizowanym uk“adzie belki sj stabilizowane bocznie przez p‘yty warstwowe. Wykonano 11
bada« laboratoryjnych, kt re r »niy sif mifdzy sobj liczbj “jcznik w oraz sposobem przy“o»enia
obcij»enia. W celu po“jczenia p“yt warstwowych z belkj cienko-ciennj u»yto 0, 4 lub 8 “jcznik w.
Obcij»enie przypadajjce na uk‘ad by“o przy“o»one r wnolegle do belek cienko-ciennych powodujic
obcij»enie r wnomiernie roz‘o»one a prostopadle do belek cienko-ciennych powodujjc obcij»enie
punktowe.

Przeprowadzone badania wykaza“y znaczjcj wra»liwo-¢ uk‘adu na spos b przy“o»enia obcij»e-
nia wzglfdem analizowanych uk‘ad w konstrukcyjnych. Wykazano, »e obcij»enie realizowane jako
r wnoleg“e do d‘ugo-ci belki podpierajjcej p‘ytf pozwala analizowanemu uk“adowi na przeniesie-
nie ponad dwukrotnie wifkszego obcij»enia ni» w przypadku obcij»enia realizowanego w spos b
prostopad'y do d“ugo-ci belki. Dodatkowo om wiono w pracy mechanizmy zniszczenia uk“adu
w zale»no-ci od sposobu jego obcij»enia.

Zbadano r wnie» wp“yw liczby “jcznik w na ca'kowitj no-no-¢ analizowanego uk‘adu. Wyka-
zano znaczijcy wzrost no-no-ci uk“adu przy zwifkszajjcej sif liczbie “jcznik w. Zwifkszenie liczby
“jcznik w “jczjcych belki cienko-cienne z p“ytami warstwowymi wijza“o sif r wnie» z powstaniem
z"o»onym mechanizmami zniszczenia uk“adu.

Uzupe“nieniem przeprowadzonych bada« eksperymentalnych by“o wykonanie symulacji nume-
rycznych belek cienko-ciennych niestf»onych poszyciem. Belki zamodelowane zosta"y jako elementy
pow‘okowe obcij»one na dwa sposoby: obcij»eniem r wnomiernie roz‘o»onym na pasie g rnym
belki oraz si“j skupionj w -rodku rozpifto-ci belki. Otrzymane wyniki oraz mechanizmy zniszcze-
nia por wnano z wynikami laboratoryjnymi belki stf»onej p“ytj warstwowj. Wykazano, »e belka
niestf»ona p“ytj warstwow;j wykazuje prawie dwukrotnie ni»szj no-no-¢ ni» belka stf»ona.
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