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Abstract. The paper concerns a problem of static responseutif-span sandwich panels.

The effects of transversal load and thermal actaoascompared. The influence of material
parameters on the sandwich behaviour is discusEkd. examples illustrate practical

approach to the problem of optimal design.

I ntroduction

Sandwich panels are commonly used in civil engingesis cladding elements.
These panels are made of three layers: two exteaimaland relatively rigid steel
facings and thick, but light and flexible core (palethane, mineral wool, expand-
ed and extruded polystyrene). The facings can &k fhicro-profiled or deep-
profiled. The sandwich structures are very attvactior engineers because of
a high load-bearing capacity at low self-weightcedlent thermal insulation, short
time of erection and possibility of economical maseduction. From the other
point of view, such type of structure requires mgkinto account many apects of
structural behaviour of sandwiches: various failorechanisms, essential role of
temperature actions, influence of creep, sheaibiléy of the core and high sus-
ceptible to local instability of compressed faces.

The consistent theory decribing sandwich structbaviour was originally
published by Allen [1] and Plantema [2]. The appioavas broadened and rear-
ranged by Stamm in [3]. These publications gavebihekground to the current
standard EN 14509 [11]. A wide variety of problecmscerning sandwich panels
with particular attention to engineering applicaiovas presented by Zenkert [4]
and Davies [5]. The importance of stress conceaatraand complex interactions
between facings and core parts was underlined bstigr[6]. The stress concentra-
tion leads to debonding and local instability o ttandwich. The paper [7] takes
into account these phenomenon in the static amalgsicontinuous sandwich
beams. Reliable analysis of any structure is caedewith proper estimation of
material parameters of the structure. The influeotenaterial selection on the
structural response was presented in [8]. Variailare mechanisms of sandwich
structures and the possibility of mass productiod market demands extort opti-
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mal design from engineers. Therefore, the relatietween stress conditions and
different failure modes is considered [9]. On thieeo hand, the producers are in-
terested in structures which provide minimal cdgtroduction and maximal range
of applications [10].

In spite of the great importance of sandwich paftalsng into account univer-
sality of applications, costs of investments in el enigeenering industry,
increase of production etc.), unfamiliarity withesfic behaviour of the panels
leads to misunderstandings or even mistakes inugtah, design and usage.
The Authors make an attempt to present the mostritapt solutions of static sys-
tems and the comparison of different actions’ effethe influence of variations in
material and mechanical parameters on the structesponse are discussed.
The discussion about safety factors and practicas Hor optimal design is pre-
sented.

1. Sandwich panel theory

This paper discuses multi-span panels with part@hgs and a soft core. The
model of the three-span panel is shown in Figure 1.
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Fig. 1. Multi-span sandwich panel loaded mechalyi¢a) and thermally 4T =T, — Ty)

In case of uniformly distributed loading and thekraetions, the Timoshenko
beam theory generalized to sandwich sections id [is8]. In case of load or sup-
port conditions which demand 2-D description, theisRner plate theory can be
applied. It is assumed that the strains are smallraaterials are isotropic, homo-
geneous and linearly elastic. Because the Younguhasaf the foam core is much
lower than of the steel faces (about 50,000 timis),normal stress in the foam
core is negligible dic= gyc= 0). Therefore, the shear stresses in the coreare
stant along transverse axistg{ = t,,c = const.).

The cross sectional equilibrium condition for paneith thick or deep-profiled
faces can be written in the form of two uncouplétkcential equations (1), (2), for
vertical displacemenw and for shear strain[3]:
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wherew andy are the functions of the position coordinatd he Gc andAc denote
shear modulus and cross-sectional area of the gasethe distributed transverse
load and¥ is an initial curvature induced by a temperatufieinceAT = T,— T.
Because the bending stiffness of the core is nibigigthe total bending stiffness of
panelB consists of three parts:

B=Br + By +Bg 3)

The termBs represents the bending stiffness of the facingls mispect to the glob-
al centre line of the sandwich panel, wherBasandBg; are the bending stiffness
of the upper and lower facings with respect tortbein centre lines.

In case of panels with flat and slightly profileatings theB:; andBg, are neg-
ligible, B = Bs and the equilibrium conditions (1), (2) chang®i(), (5):

WlV - 9 _ q —y" (4)
Bs GcAc
v q
Y == (5)
GcAc

Integrating twice (4), (5) and using differentiajuationsM’ =Q, Q' =—q, the
constitutive equations (6), (7) are obtained:

M =B [y - W' - 0) )

Q=GcAcly (7)

The termsM and Q denote the bending moment and shear force, régplgctin
order to solve the problem, the influence of terapee is usually analysed sepa-
rately:

"

wr =-6, =0 (8)

and the displacememt is divided into two partsv = wy + Wq which refer to the
bending and shear effect, respectively. Becawuse y it follows to:

M :—Bst , QzGC/A(:WQ (9)

The bending and stresses in flat faces and shemses in the core are calculated
using (cf. [11]):
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M M

_rh:l, OF2 =@ (10)

OF1 =

c (11)

-Q

Ac
wheree, Ar; and A-, denote distance between centroids of faces, cesssnal
area of the external (upper) and interanal (lovisa®, respectively.

In case of deep-profiled panels, the bending st#ifénof faces must be taken into
account and the bending moment and shear forcgiaded into parts which refer
to each part of the panel (core, upper face, Idaee). It results in the fact that
even in the case of simply supported one-span gatied structure is statically
undetermined. The respective equations which aitatic calculations for deep-
profiled panels are given in detail in [3].

2. The effect of shear defor mation

2.1. The example of one-span, hang-over beam

The shear deformation influences the structurgbarese. The importance or
even unpredictabilty of the effect can be obseivetthe example of the flat sand-
wich panel loaded by the concentrated fdPd€&ig. 2).
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Fig. 2. The shear deformable structure loaded bgeatrated force [4]

The displacement functiom, which refers to the bending effect, has the typi-
cal form

3
L L
S ()= 5P g U = Geef x| ofx5

3
P x—ﬂ LJ @D(x—ﬂLj (12)
18 3 3

where the@ is the Heaviside function andis the position coordinate. The predic-
tion of wo, which refers to shear deformation, is not soifiviel (Fig. 3):
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GCAtWQ(x)=gPL—gPX+ﬂPEéx—%) @[x—%)—%[ﬁx—% Lj @(x—ng (13)

Both functions are presented in Figure 3. For fpmarameters of the sandwich
panelBs = 332 kKN, S = GeAc = 276.5 kN, the force magnitude = 1.5 kN
and the spah. = 4.5 m the effects of shear and bending are caabear Please
note that if the bending stiffness increases, threnfof shear deformation will
dominate.
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Fig. 3. The sandwich panel displacements with resjpebending (wWM) and shear (wQ)

2.2. The multi-span panels

Consider the two- and three-span flat sandwich Ipamigh equal spank sub-
jected to transverse uniform logdcf. Fig. 1). It is well known that in case of Ber
noulli beam GcAc = ), the beam which has more spans is better betchasex-
treme bending moments and deflections are lowee. durestion is whether it is
also true in the case of sandwich beam structilitesrespective values of bending
moments are given in Table 1, where the parankagedefined as:

K= 3B,
L°G A

The results presented in Table 1 show that themdrbending moment for one-
span beams is always higher than the others. Ubimmgame values we can also

(14)
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find the conditions, when for the respective systeenbending moment in spiy
is equal to the moment at the suppdst(to the absolute value). It happens when:

k= g —% = 04571 for 2-span panel (15)
k =-1++/2=04142 for 3-span panel (16)
Table 1

Bending moments for one-, two- and three-span panels[11]

Bending moment Bending moment
System in (end) spanNl,) at internal support\z)
Single span of, qL* i
uniform loadq 8
Two equal spans df, gL? -1 ’ _ar 1
uniform loadq 8 1+k 8 1+k
Three equal spans bf (1 ’ _ qv
uniform loadq 8 5+ 2k 10+ 4k

Please note that the bending moments attain the galaes for two- and three-
span systems K = 0.5. This is presented in the last column of &gblThe bend-
ing moment at the internal support is lower (to dhsolute value) for 3-span sys-
tems than for 2-span ones wher 0.5. The same relation is valid for thermal ac-

tions.

Table 2
Bending momentsfor one-, two- and three-span panelsfor different values of k
System E’n%”rg;“n% k=0.4142 k=0.4571 k=05
Two equal spans df, Ma +0.08471qL? +0.08579L2 +0.08680yL2
uniform loadg Mg —0.0883%L% | -0.08577L2 | —0.08333L2
Three equal spans bf Ma +0.08579qL2 +0.0863ML? +0.08680yL2
uniform loadg Mg — 0085792 | —0.08454L2 | —0.08333L2

It is worth noticing that extreme bending momerstuigng from thermal action
is attained at the internal support. Hence, th@opation of the structure is com-
bined with the minimization of the momehit.

Figure 4 shows a graph of the valueskafs a function oLt for various depths
of panelD. The following parameters were assumed: thickr#ssteel faces
t = 0.0005 m, Young modulus of stdek 210 GPa and shear modulus of the core
Gc= 3.5 MPa.
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Fig. 4. The parametéras a function ok for various panel deptt3

Figure 4 shows that parameteincreases when the degbhincreases and span
L decreases. This is also clear by analysis of goatéon (14) because the bending
stiffness Bs increases with the growing @ faster than shear stiffne€a:Ac.
The real range of sandwich panel application wapect to limit states is situated
above the dotted line. The entire analysis proves indication of a better
structure is not automatic and 3-span systems aanwbrse than 2-span
panels.

3. Theinfluence of thermal action

As we previously mentioned, multi-span systemscaiesidered by many peo-
ple to be better than one-span structures. In flaetbending moments presented in
Table 1 are lower for multi-span systems. Neveed®l we definitely can say that
one-span sandwich systems are better. This is beazuthe influence of thermal
actions. The temperature differens@ = T, — T; between internal and external
faces triggers the initial curvatufe

— opT —oyly
€

] (17)

where ay, a, are thermal expansion coefficients of respectaee$,e is the dis-
tance between the centroids of faces. The curvauoee-span systems results in
displacements (maximum deflectionds?8), but it does not change the internal
forces. In multi-span systems the thermal actiaypla crucial role bringing on
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shear forces and bending moments. The significafithe effect is illustrated in
Figures 5 and 6. Figure 5 presents the values mdibg moments at the internal
support of a two-span panel as a function of trenép The curves on the graph
refer to the effect of uniform load (MB_q) and the temperature difference
(MB_T). In calculations the following typical paraters were introduced: depth of
the panel 0.08 m, thickness of the faces 0.0005Yonng modulus of steel
E = 210 GPa and shear modulus of the c@g = 3.5 MPa. The load
g = 0.50 kN/m and the temperature differencéCl@vere taken. It corresponds to
the temperature in winter: internal £X) external —2€C.
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Fig. 5. The bending moment at the internal suppbattwo-span panel induced by logd
(MB_q) and curvaturé (MB_T) as the function of the span

Comparing the results on the graph it can be nbtibat the bending moments
caused by the temperature difference are muchegr@atthe absolute value) than
the moments caused by the transverse tpbt all values of the variable span
Therefore, the effect of the combination of bothicars (@ and §) gives much
greater bending moments at internal supports fdti4span panels than the mo-
ment in span for one-span panels. It is also arésting fact that function MB_T
changes values nonlinearly, completely the oppdsitelB_q, if spanL increases
the change in MB_T is smaller and smaller.

Figure 6 shows the intermediate support reactioth@gunction of spah for
the same parameters of a sandwich panel. If trioeais positive it causes com-
pression at the support. If the reaction is negaitivcauses tension of the screws
attaching the panel to the supporting structure.
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Fig. 6. The intermediate support reaction of a span panel induced by loadRB_q)
and curvature (RB_T) as the function of the sphn

The curves in Figure 6 demonstrate that the teryeraifference for small
spans results in significant values of support titeac In the case of a negative
reaction the effect can lead to failure of the wsrer the panel in the vicinity of the
screws. It is interesting that if sparincreasesRB_Tdecreases whereas the func-
tion of RB_qincreases linearly.

4. Failure modes of deep-profiled panels

There are various failure modes of deep-profiledepm shear failure of the
core, shear failure of a profiled face layer, yietdof a face, wrinkling (local buck-
ling) of a face, crushing of the core at a supdaityre at the points of attachment
to the supporting structure and the attainment spexified deflection limit. In the
case of flat multi-span panels it can be said thatlocal buckling is the most im-
portant. To present the importance of respectivdt listates the typical deep-
profiled panel with the following parameters is lgsad: total depth 0.14 m, profil-
ing 0.04 m, thickness of the faces 0.0005 m, Yomnoglulus = 210 GPa, shear
modulus Gc = 3.5 MPa, thermal expansion coefficiemt= 12-10° 1/°C, yield
stresd, = 280 MPa, bending stiffnessBg, = 20.6 kN, Bs= 584 kNni and shear
stiffnessS = GcAc = 369 kN. The characteristic load= 0.80 kN/m corresponds to
snow load and the temperature differences°@€4@vinter) and —4%C (summer)
were taken into account. The results of the analgbia deep-profiled three-span
panel with equal spans is presented in Figure @. 0% denotes the ratio of the
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effect of the action to the corresponding resisaitie graph presents the LS ratio
as the function of the span
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Fig. 7. The LS ratios for three-span panel: 1 sbing of the core at the intermediate
support, 2 - yielding of the face at the intermeglgupport, 3 - wrinkling of the face at
the intermediate support, 4 - the attainment gfexdied deflection limit

Surprisingly, the yielding of the face at the imediate support appeared the
most important. It limits the range of sandwich @aapplication. In our example
the limit is equal to 3.92 m (maximum acceptablerat® is equal to 1.0). It is also
an interesting fact that apart from the deflectitwe, other curves have almost line-
ar form. The results show that the reducing oflsgagd strength in the case of
deep-profiled multi-span panels is absolutely uneaacal.

Concluding remarks

The presented analysis debunk many beliefs comgesandwich panels. It ap-
pears that three- or more-span panels can be wuagsetwo-span sandwich struc-
ture. Much more important is the fact that multaspanels are worse than single-
span systems. Of course roof panels should be-spdth systems to ensure water-
tightness. If there are deep-profiled panels, iktlystress limits the range of prac-
tical applications. The examples prove that stmattoehaviour of panels can be at
variance with engineering intuition. The problembiat were taken up are im-
portant from the practical point of view because pnoducers press on the minimi-
zation of costs and maximization of permissiblenspa
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