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Abstract: The objective of this paper is to assess the in-
plane shear buckling of a steel foam sandwich panel that
relies on elastic Pasternak foundation. The panel is a com-
bination of solid steel face sheets and foamed steel cores.
Foamed steel, that is steel with internal voids, provides
enhanced bending rigidity and energy dissipation, and
also, the potential to reduce local buckling. The Classic
plate theory is employed where their governing equations
are solved by the Rayleigh–Ritz method. Uniformly dis-
tributed in-plane shear loads are applied to the two oppo-
site edges of the panel and all the four edges of the panel
are simply supported. Finally, the effects of the panel pa-
rameters, such as the existence of a Pasternak foundation,
aspect ratios, and central fraction of the steel foam core,
are presented. The results showed that the optimum cen-
tral fraction of the steel foam core would be 65%, so that
the maximum critical shear buckling load has taken place.

Keywords: Shear buckling, steel foam, sandwich panel,
Pasternak foundation

1 Introduction
Foam and cellular materials have been produced from
base materials that include polymers, ceramics, and met-
als. The foam materials have been used to solve engineer-
ing problems in the aerospace, automotive, structures and
so on. Steel is one of the most widely used engineering
materials, but steel foam has not yet been used commer-
cially [1].

Steel foam (Figure 1) is an isotropic and porous steel
material with a cellular structure and extraordinary me-
chanical as well as physical properties at a very low den-
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sity. A variety of industrial methods are used to produce
the voids from powder metallurgy and sintering of hollow
spheres to gasification. In general, steel foams have high
bending rigidity and energy absorption. In addition, steel
foams in comparison with solid steel have helped to im-
provefire resistance, noise attenuation, thermal conductiv-
ity, and provide improved electromagnetic and radiation
shielding [2].

The conventional sandwich structures are ordinarily
manufactured from three isotropic layers, with two face
sheets tenaciously bonded to the core. The base of the
sandwich structure theory has been covered in the liter-
ature [3, 4]. Several investigations have been carried out
in the field of local buckling of sandwich structures [5, 6].
Szyniszewski et al. [2] prepared and verified a new design
method for the in-plane compressive strength of the steel
foam sandwich panel. Magnucka [7] studied the dynamic
stability of a metal foam circular plate using the Hamil-
ton principle. The government equation was numerically
solved so that critical loads could be determined. The ef-
fect of porosity of the plate on the critical loadswas shown.

For some structural reasons, it is possible that the
panel rests on elastic foundation. Various types of elas-
tic foundation models are used to consider the plate–
foundation interactions. Winkler [8] proposed a one-
parametermodel for plate-foundation interactions [9]. The
model is assumed to be a combination of unconnected
independent linear springs that are close to each other.
Pasternak [10] improved the Winkler model by adding a
shear layer. In the Pasternak model, as an improved two-
parameter model, the shear interaction between the in-
dependent springs are modeled by connecting the ends
of the springs to a beam or plate that only tolerates
transverse shear deformation. Themechanical behavior of
structure–foundation interactions is widely described by
the model [11, 12].

The objective of this study is to assess the in-plane
shear buckling of steel foam sandwich panels that is rest-
ing on elastic Pasternak foundation. The Classic panel
theory is employed where their governing equations
are solved by the Rayleigh–Ritz method. Uniformly dis-
tributed in-plane shear loads are applied to two opposite
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edges of the panel and all the four edges of the panel are
simply supported. Finally, the effects of the panel param-
eters such as the existence of a Pasternak foundation, as-
pect ratios, and central fraction of the steel foam core are
presented.

Figure 1: Steel foam sandwich panels

2 Governing equations
Consider an orthotropic panel and in-plane dimensions of
a and b resting on Pasternak elastic foundation as shown
in Figure 2.

The governing energy equation of the orthotropic
panel resting on a Pasternak foundation under uniform in-
plane shear edge load, N0

xy, can be written as shown be-
low. However, in the equation, the axial in-plane displace-
ments have been neglected.
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wherew0 is the transverse displacement of the panel, kw is
the vertical springmodulus of the foundation and ks is the
shear modulus of the foundation. Dij is the flexural stiff-
ness matrix, as given in the following equation.

Ebx =
Ex

1 − νxy .νyx
, Eby =

Ey
1 − νxy .νyx

, (2)

D11 =
h3
12Ebx , D12 =

h3
12Ebyνxy ,

D22 =
h3
12Eby , D66 =

h3
12Gxy ,

where Ex and Ey are elastic modulus of the panel, νxy and
νyx are Poisson’s ratio of panel, Gxy is shear modulus of
panel.

However, it can be considered that steel foam is
isotropic. Consider a panel with initial thickness tini, if the
whole panel is foamed, the thickness tf is [12]:

tf = tini/ρ (3)

where ρ is the relative density of the foamed steel; thus,
ρ = 1 is a solid steel panel. Based on the work of [12], the
steel foam moduli, Ef and Gf are related to the solid steel
moduli, Es and Gs, respectively, by:

Ef ≈ Esρ2 Gf ≈
3
8Gsρ

2 (4)

If, insteadof foaming the entire panel, it is possible to foam
only a central fraction of the core, α(0 ≤ α ≤ 1), then
it would result in the production of steel foam sandwich
panel and an increase in the panel bending rigidity. Now,
assuming that the relative density ρ applies only to the
foamed core, then the core thickness tc that increases from
the initial solid panel thickness tini, is:

tc =
αtini
ρ (5)

The remaining portion of the initial solid sheet is split
equally between the two face sheets of thickness, ts:

ts =
1 − α
2 tini (6)

The panel bending rigidity can be expressed as follows:

Dp =
Es ts(tc + ts)2

2(1 − ν2s )
(7)

Thus, Eq. (1) can be converted as shown below:
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Π = Π i + Πe

substituting the proper out-of-plane displacement shape
function into Eq. (8), the standard eigenvalue problem of
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Figure 2: (A) Steel foam sandwich panels on foundation. (B) In-plane shear loading and boundary conditions

Table 1: Shear buckling in steel foamed panel with and without Pasternak foundation effect

α 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8
Nxy 1009 1334 1692 2068 2450 2821 3170 3480 3739 3931 4043 4060 3969 3754 3402
φ 64 63 62 61 61 60 60 60 60 60 60 60 60 60 60

buckling can be solved by the Rayleigh–Ritz method. The
shape function must satisfy all boundary conditions. w0
is the transverse displacement, which satisfies the bound-
ary conditions, andW is theunknownconstant thatwill re-
main indeterminate according to the Buckling Theory. The
transverse displacement function is considered as follow-
ing:

w0 = W sin
(︂
π(mx − φy)

a

)︂
sin
(︁πmx

a

)︁
sin
(︁πy
b

)︁
(9)

where m is the buckling half-waves and φ is the skew
of the buckling mode. Using the equilibrium condition of
the first variational principle of the total potential energy
(δΠ = 0); therefore, the buckling condition reduces to the
well-known Ritz equations:

dΠ
dW = 0 (10)

3 Results and discussion
In this study, a steel foamed sandwich panel with dimen-
sion a = 400 mm and b = 400 mm was considered. Other
characteristic panel is as follows:

tini = 5 mm, ρ = 0.18, Es = 2 * 105 MPa ν = 0.3

For the Pasternak effect, the Pasternak stiffness will be
kw = 0.04 N/mm3 and ks = 50 N/mm. Figure 3 shows the

Figure 3: Critical shear buckling versus central fraction of the steel
foam core with and without Pasternak foundation effect

critical shear buckling versus central fraction of the steel
foam core (α) with and without the Pasternak foundation
effect. It can be concluded that the optimum α is approxi-
mately 0.65, so that the maximum critical shear buckling
load has taken place. In the absence of Pasternak founda-
tion effect, for all α, the buckling half-wave is 1 and φ is
57∘. It is necessary to mention that the aspect ratio is 1. Ex-
isting Pasternak foundation causes an increase in critical
shear buckling. Surely, by increasing the foundation stiff-
ness, the buckling load will increase. Table 1 shows the
values of φcorresponding to critical shear buckling for var-
ious α, in the caseswith andwithout Pasternak foundation
effect.

Now for α = 0.65, the results of shear buckling in the
steel foamed sandwich panel with and without Pasternak
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Table 2: Shear buckling in steel foamed panel with and without
Pasternak foundation effect

N0
xy

(N/mm)
φ

(degree)
Buckling
half-waves

Steel foamed with-
out Pasternak effect

3720 57 1

Steel foamed with
Pasternak effect

4060 60 1

Figure 4: Shear buckling in steel foamed panel without Pasternak
foundation effect

foundation effect have been shown in Table 2 and Figure 4.
The skewof the bucklingmode in the two cases is the same
approximately.

In Figure 5, the shear buckling in the steel foamed
sandwich panel with foundation effect has been modeled
using the Abaqus software. This is for the validationmath-
ematicalmodel used in the current study. The plate ismod-
eled by three isotropic layers. The properties of the plate
are in accordance with the above assumptions. Elasticity
modulus and shear modulus of solid and foam steel are in-

Figure 5: Shear buckling in steel foamed panel without Pasternak
foundation effect, modeled in Abaqus

Table 3: Shear buckling in steel foamed panel with a/b = 10, with
and without Pasternak foundation effect

N0
xy

(N/mm)
φ

(degree)
Buckling
half-waves

Steel foamed with-
out Pasternak effect

1213 90 1

Steel foamed with
Pasternak effect

7555 90 6

troduced by using Eq. (4). The results show that the critical
shear buckling load and buckling half-waves are similar to
the presented equations.

Now, it is considered a steel foamed panel with dimen-
sion a = 4000 mm and b = 400 mm; thus, the aspect ra-
tio is a/b = 10. In Table 3 and Figure 6, the results of shear
buckling in steel foamedpanelwith a/b= 10with andwith-
out Pasternak foundation effect are shown. The Pasternak
foundation effect causes an increase in critical shear buck-
ling (about 6.2 times with respect to without Pasternak
foundation effect) and the buckling half-waves. Also, the
skew of the buckling mode in the two cases is the same
and equal to 90∘.

In Figure 7, critical shear buckling versus aspect ratio
of the steel foam sandwich panel with and without Paster-
nak foundation effect have been shown. In the figure, Case
1 and Case 2 are the panels with α = 0.65, and without and
with Pasternak foundation effect, respectively. Case 3 and
Case 4 are the panels with α = 0.15, and without and with
Pasternak foundation effect, respectively. It can be con-
cluded that in the case without Pasternak foundation ef-
fect, by increasing the aspect ratio, the critical shear buck-
ling will decrease. However, the reduction rate is low from
3 to 6. But, in the case with Pasternak foundation effect
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(a) Shear buckling in steel foamed panel with a/b = 10, without Pasternak foundation effect

  

              
                 

       

        

        

 

 

 

              
 

 
              

 

 

                

               

              

                

             

             

                 

              

                

              

              

 

(b) Shear buckling in steel foamed panel with a/b = 10, with Pasternak foundation effect

Figure 6

Figure 7: Critical shear buckling versus aspect ratio of the sandwich
panel with and without Pasternak foundation effect

by increasing the aspect ratio, the critical shear buckling
increases severely. The increase is 190% in aspect ratio 6
with respect to aspect ratio 1. Thus, the Pasternak founda-
tion effect ismore inhigh aspect ratio. The results show the
Pasternak foundation effect on increasing shear buckling
in the panel with α = 0.65 is higher than that in the plate
with α = 0.15.

In Figure 8, critical shear buckling versus tini of the
panel with and without Pasternak foundation effect, and
different α have been brought. In the figure, Case 1 and
Case 2 are the panels with α = 0.65, and without and with
Pasternak foundation effect, respectively. Case 3 and Case
4 are the panels with α = 0.15, andwithout andwith Paster-
nak foundation effect, respectively. It is necessary to men-
tion that the aspect ratio is 1. It can be concluded that by
increasing tini, the critical shear buckling increases. How-
ever, the increase rate in the cases with α = 0.65 is high.

Figure 8: Critical shear buckling versus tini of the sandwich panel

The increase rate in the cases without and with Pasternak
foundation effect is similar.

4 Conclusion
In this study, critical in-plane shear buckling of steel foam
sandwich panel resting on elastic Pasternak foundation
was assessed. Thepanel is a combination of solid steel face
sheets and foamed steel cores. The Classic panel theory
is employed where their governing equations were solved
using the Rayleigh–Ritz method. Uniformly distributed in-
plane shear loads were applied to the two opposite edges
of the panel and all the four edges of the panel were simply
supported.

The results showed that optimum central fraction of
the steel foamcorewouldbe 65%so that themaximumcrit-
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ical shear buckling load has taken place. Existing Paster-
nak foundation cause an increase to the critical shear buck-
ling, so that by increasing the foundation stiffness, the
buckling load increases. Often in the aspect ratio equal to
1, for all α, the buckling half-wave is 1 and the skewof buck-
ling mode is 57∘. Also, in the case without Pasternak foun-
dation effect, by increasing the aspect ratio, the critical
shear buckling will decrease. But, in the case with Paster-
nak foundation effect, by increasing the aspect ratio, the
critical shear buckling increases severely. Thus, the Paster-
nak foundation effect is more in high aspect ratio. In addi-
tion, by increasing tini, especially in the cases α = 0.65 and
without and with Pasternak foundation effect, the critical
shear buckling increases.
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