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Abstract

In this paper a design method for the compressamgaaty of sandwich panels comprised of
steel face sheets and foamed steel cores is daanederified. Foamed steel, literally steel with
internal voids, provides the potential to mitigatany local stability issues through increasing
the effective width-to-thickness of the componaenmtthe same amount of material. Further, steel
foams have exceptional energy dissipation and defton capacity. A design methodology for
the compressive capacity of steel foam sandwichelgaifplates) is needed to facilitate
application of such panels and in the civil engrimegdomain. Winter’s classical effective width
expression was generalized to the case of steeh feandwich panels. The generalization
requires modification of the elastic buckling exgmiens to account for shear deformations.
Further, an equivalent yield stress is introduaeg@rovide a single parameter description of the
yielding behavior of the steel face sheets andl sie@m core. The provided analytical
expressions are verified with finite element simiolas employing brick elements that explicitly
model the steel face sheets and steel foam cotes. closed-form design expressions are
employed to conduct parametric studies of steehfsandwich panels with various face sheet
and steel foamed core configurations. The studmesvghe significant strength improvements
possible with steel foam sandwich panels when coegpaith plain steel sheet/plate. The design
expressions and related parametric study providighis on the optimal balance between face
sheets and core. Given the success in definingnaptiargets the obvious next step is assembly
and testing of full-scale steel foam sandwich pan€his will complement existing efforts on
material characterization of steel foam itself. sTtvork is part of a larger effort to help develop
steel foam as a material with relevance to civgieaering applications.

1. Introduction
Foamed steel intentionally introduces internal soid steel, e.g. Figure 1. A variety of
manufacturing methods are used to introduce thésvioom powder metallurgy and sintering of

! post-doctoral Researcher, Johns Hopkins Universityzyniszewski@gmail.com>

2 Graduate Research Assistant, University of Masssetts, Amherst, <brooks.h.smith@gmail.com>
% Professor and Chair, Northeastern University, ajjir@coe.neu.edu >

* Associate Professor, University of MassachusAtisherst, <arwade@ecs.umass.edu >

® Professor and Chair, Johns Hopkins Universityhafer@jhu.edu >



hollow spheres to gasification (Ashby 2000). Stea@ms are largely still under development,
e.g. (Kremer 2004); however steel foam sandwiclefganave been utilized in a demonstration
project as a parking garage slab (Hipke 2011). Massuction of aluminum foam sandwich

panels (Figure 2, Banhart 2008) as well as suagesd#timinum foam sandwich panel

applications in aerospace (Banhart 2008), automofbhefebvre 2008, Cardoso 2010), and
manufacturing (Neugebauer 2004) demonstrate thie patential. In general, metal foams have
high effective bending stiffness and energy absamptn addition, metal foams have improved
thermal conductivity (Neugebauer 2004), enhanceal resistance (Coquard 2010, Lu 1999),
better noise attenuation (Ashby 2000, Bao 2009, @amovide improved electromagnetic and
radiation shielding (Losito 2010, Xu 2010) when qgared with solid metals.

Figure 1: Steel foam 18% relative density: A) iriefoam morphology through cut section,
B) contact between spheres as shown in cross-se@)jassphere walls are not fully dense.

A) B)
Figure 2: Aluminum foam sandwich panels a) on paliein section (Banhart 2008)



The overall objective of this study is to develogesign method for the determination of the in-
plane compressive strength of steel foam sandwéetels comprised of solid steel face sheets
and foamed steel cores. The design method develdprequires: (a) determination of the
effective bending rigidity, including shear defotimas, and the resulting local buckling stress,
(b) determination of the yield strength for the gmsite (solid and foamed steel) panel, and (c)
application and verification/calibration of Wintsreffective width expression (originally from
Winter 1947) suitably modified by (a) and (b). \dation of the developed bending rigidity and
design expressions is provided through continuunitefi element solutions of steel foam
sandwich panels.

2. Basic steel foam material properties

2.1 Uniaxial stress-strain behavior

A typical compressive stress-strain curve for tteelsfoam of Figure 1 is provided in Figure 3.
This commercially available steel foam, manufaduoy the Fraunhofer Institute in Germany,
employs sintered hollow steel spheres and has aiveldensityp = 0.18. The authors are
involved in a wider experimental program for com@lenaterials characterization of this foam.
For a typical sample the initial compression moduky. is approximately 450 MPa, the yield
stress in compressidf is approximately 6 MPa, and the compressive strafore the onset of
densification of the steel foam walls is nearly #0dn tension the initial modulus and yield
stress are similar but tensile strain capacitynl @n the order of 2%. These properties are
utilized throughout this paper as representativanovailable low density steel foam.
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Figure 3: Uniaxial compression test for calibrataD-F plasticity



2.2 Plate bending rigidity and local plate bucklisgess
The bending rigidity of a steel foam plate excetrdg of a solid plate. This is not immediately

obvious when one considers that the foaming proitesf decreases the apparent modulus.
Consider a plate with initial thicknegg, if the entire plate is foamed, the thickngss:

tr = tini/p 1)

wherep is the relative density of the foamed stagl;€1 is a solid steel plate). Based on the
work of (Ashby 2000) the foamed steel modulkgs related to the solid steel modul&s, by:

Ef X Espz (2)

Substituting these relations into the standard esgon for plate bending rigidity (and assuming
no change in Poisson’s ratm, for the foamed steel):

Efte? OC(E,DZ)(tini/,D)3 1 Ety?®

Df 12(1 —v?) 12(1 — v?) x p 12(1 —v?) x P Dsotia (3)

Thus, by virtue of the strong role that thicknetsyp in plate bending rigidity, a foamed steel
plate has a higher plate bending rigidity thanlalguate.

If instead of foaming the entire plate, only a cahfraction of the coreg (0 <a <1) is
foamed, thus creating an all steel sandwich paheljncrease in plate bending rigidity can be
even more pronounced. Assuming now the relativesiderp, applies only to the foamed core,
then the core thickness, increased from the initial solid plate thicknggsis:

a tini
p

t. =

(4)

The remaining portion of the initial solid sheet gplit evenly between two face sheets of
thicknessts:

ts = —— tini ()

The plate bending rigidity, again assuming constaig:

_ Es(tc + 2ts)3 - (Es B Ec)tc3

6
p 12(1 —v?) ©)
which after substitution of Equations 1, 4 and &ults in:
1 3. .., E ti®
= — — —_ - 7
D, pE [((1 a)p+a) +a’(p 1)] 1201 — v9) (7)



Graphical representation of Equation 7 (Figuret®ves that foaming (i.eq) between 30-90%
of the initial solid sheett(;) results not only in improved bending rigidity ajeothe solid plate,
but improved bending rigidity above foaming theienplate @=1, i.e. 1.0 foamed plate). Thus,
foamed steel sandwich panels have the potentialgfeatly improved stiffness and local
buckling stress under in-plane load.
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Figure 4: Increase in bending rigidity with panghiing

3. Local buckling of foamed steel sandwich panels

For the foamed steel sandwich panel introducetiénprevious section the in-plane elastic local
plate buckling stresé, is proportional to the plate bending rigidity:

%D
=k —Pr (8)
b2(t. + 2t,)

fer
where k is the plate buckling coefficienty is the plate width, and all other variables are
previously defined. Thus, the improved plate begdigidity (Equation 7) also provides plates
with higher in-plane elastic local buckling stress.

However, iff,; of Equation 8, utilizing Equation 7 for the pldtending rigidity is employed the
predicted local buckling stress is often highemtli@e actual local buckling stress due to shear
deformations in the low density core and lack ofmposite action between the core and face



sheets resulting in local bending of the face sheeisolation. This problem has seen significant
study in the literature (Allen 1969, Plantema 1986son 1999, Hohe 2004 and Kardomates
2010). In particular, Kardomates (2010) found tidlen’s (1969) solution was in best
agreement with rigorous continuum mechanics salgtiorhus, Allen’s approach has been
adopted for further study here.

The approach of Allen, for incorporation of shead dace sheet bending, is to (a) simplify the
bending rigidity, and (b) smear the rest of the&§ into the plate buckling coefficietkt, The
plate bending rigidityD,, is reduced (and simplified) by ignoring the ste$s of the core, i.&.

of Equation 6 is set to zero, resulting in:

Erts(tc +t)* (t. +t5)?
P = 2(1-vE) ©

For low density foam cores (e.g@518% for the foam of Figure 1) and utilizing Eqoati2 it is
found the contribution of the foamed core to thetebending rigidity is less than 1%. Thus, the
simpler expression of Equation 9 is justified ewethout considering shear deformations.

For a simply supported plate of lengthwidth b, uniformly compressed on the sides with width
b, the plate buckling coefficienk, of Allen, including shear deformation is as fals

f = <mb N n2a>2 1 N ts?
a mb 1+r( mb +n2) 3(te +£5)°

(10)

where the first term in the parentheses is thesmasotropic plate solution (and converges to
k=4 asal/b - o), n is the number of transverse buckling half-wauesijs the number of
longitudinal (in the direction of loading) bucklingalf-waves, andr accounts for shear
deformation as given by:

2 D 2 E, tit
r= L P S (11)
b? G.(t. +ty)?/t. 2(1—v.2) G. b?

Note, if the core is isotropic unfoamed stedkepends om and the ratio oft/b? and for typical
bit, r is less than 0.1. If the core is completely rigichear=0. Note, even for=0 Equation 10
still predicts a reduction in the plate bucklingeffaient (note the last term) as Allen’s method
accounts for both face sheet bending and overa#rstieformations.

As illustrated in Figure 5, in classic isotropietiy the minimunk occur ata/b = integer and
converge to 4 aa/b - o . However, foik of Equation 10 the minima no longer occur at irteg
values and instead occur@th =y, Wherey,.., is a function ofr andt,/(t. + t;). Allen
proposed that iteration be used, i.e. for a gigdniterate onm andn until the minimalk is
determined.



To expedite the use of Allen’s solution a closed¥f@olution to the/b at whichk is a minimum
is derived. First, noting=1 always generates a minima, Equation 10 is sfregland re-written
in a form more amenable to analytical manipulation:

"=(5+2+§){m+§52}

mb\* tg
(). o
a t. + ¢t

(12)
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Figure 5: Plate buckling coefficierk, as a function of aspect rat@'l§) comparing classical
local buckling (Kirchoff) theory with the solutiasf Allen for r = 0.3 andt,/(t. + t;) = 0.1

Differentiation with respect te and setting to 0 to find the minima provides:

(s+2+§)r

G-V 5  ossnaay 49

Which has four solutions, however only one of tbkitsons is positive, thus:
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The auxiliary variables employed to simplify thepeassion fos,,;,, are:

B=(far+ a2)§ (15)
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(17)

The minimum number of half-wavesy,,, for a given panel aspect ratb is:

Mpin = m (%) (18)
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Figure 6: Graphical representation of closed-foahtson for y,,,in



Alternatively the aspect ratio at which a given toemof half-wavesmn, reaches a minimum is:

a
(E) = XminM = 1/5min m (19)

min
Xmin =/ 1/Smin Can also be estimated from Figure 6 for knovandé.

The overall potential impact of shear deformatiod aon-composite face sheet bending on the
local buckling solution is illustrated in Figure As shear deformations increase, i.e.ras
increases, the plate buckling coefficient decreabls local plate bending (captured in the ratio
of the face sheet thickness to the sum of facetsrekcore thickness/(t.+ts)) also influences
the solution, but to a far lesser extent. NoteaAs — 0 the inclusion of shear deformatian,in
Equation 10 causek to converge to a finite value instead of infinigs in the case of an
isotropic plate.
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Figure 7: Plate buckling coefficierk, as a function of plate aspect rat@db) demonstrating the
impact of shear deformation) (@nd face sheeting bendit{t:+ts) on the solution

4. Computational modeling of steel foam sandwich panels

To further explore the predicted behavior for steam sandwich panels and provide predictions
of the ultimate strength of in-plane loaded stealnfi sandwich panels a series of finite element
models was constructed. The models were completedStDYNA (Hallquist 2006). Brick
elements (500,000 to 1,000,000 type 164 solidslgHisk 2006) were used throughout: 150 to



200 transverse elements, and six elements thrduglthickness, as shown in Figure 8a were
typical, but element aspect ratios were maintafin@a 1 for b/t = 50, up to 2 for b/t = 200. Thin
steel plates (0.3 mm) along the panel perimeterevenployed to eliminate the sharp load
application to the continuum representation (Figgag The steel face sheets were modeled with
a standard J-2 plasticity formulation and isotropécdening. The steel propertiés= 203000
MPa, f, = 385 MPa, and complete strain hardening regimee vedtained from coupon tests
(Vieira 2011) of steel sheet. In addition, tendédure in the face sheet was simulated via
element deletion at an accumulated plastic strair8%o.

Modeling the steel foam core requires a more stiphted approach than standard J-2 plasticity.
Steel foam is still compressible after its yielddan the plastic regime is typically less than
0.3, as opposed to solid steel, which is practicatompressible and thus= 0.5. For steel
foam, the yield and subsequent plastic surfaceuéool depend not only on deviatoric stress
invariant J, but also on the trace of the stress tensavliller et al. (2000), and later Deshpande
and Fleck (D-F, 2000) introduced a generalized Mises-Huber plasticity, which accounts for
pressure dependence. Reyes (2003) and Hansen @0@R) enhanced D-F plasticity with
tensile fracture criteria based on the major ppacstress and D-F plasticity with the fracture
criteria is implemented in LS-DYNA (Hallquist 2006ljhe D-F formulation must be calibrated
against a uniaxial material test, and the low dgr®llow sphere foam of Figure 1 as tested and
reported in Figure 3 is used for that purpose here.
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Figure 8: Finite element model of a simply suppteeel foam sandwich panel (steel face sheet
and steel foam core are modeled with brick elementS-DYNA) under in-plane compression

Eigenbuckling analysis, Figure 8b, was performedtlo developed finite element model to
explore the accuracy of Allen’s elastic bucklindusion (Equations 8-10). For the eigenbuckling
models, based ontg,; = 1 mm, 30% of the solid sheet was foamed to 18% relatesesity (i.e.
the foam of Figure 1) resulting g = 0.35 mm andt, = 1.67 mm. Panel widthb was varied
from 50 to 200 to explore a wide rangebgt ratios. Figure 9 shows that Allen’s elastic bucgli
solution works well for steel foam sandwich parwisr a large variation in b/t ratios (and shear
deformation ratior).
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Figure 9: Comparison of Allen’s elastic bucklindwtmn with numerical plate buckling model
(dashed lines provide a means to understand thacingb shear deformation on solution)

5. Strength of in-plane loaded sandwich panels

Prediction of the compressive strength of a steaht sandwich panel loaded in-plane is the
ultimate goal of the work presented herein. In tlsisction Winter's effective width
approximation is modified for steel foam sandwi@ngls and then compared against nonlinear
collapse simulations in LS-DYNA.

5.1 Squash load and equivalent yield stress

The squash load is the compressive load at whielséition is fully yielded. In the case of steel
foam sandwich panels this is modified to the corsgike load at which the steel face sheets are

fully yielded. The equivalent yield stress for thendwich panelfy,, may then be found from
simple force balance:

; fys
2 tsfys +t. -min (fyC,EC y)

fp = Es (20)
yp 2ts + t,

where the yield stress of the face sheltss explicitly denoted here dg, and the yield stress
and modulus in the foamed core are denoteg andE.. Typically, the core is still elastic when
the face sheets yield, thus the second term ointimemum in Equation 20 usually controls.
Alternativelyf,, may be expressed explicitly in terms of the foagrparametera andp:

11



_ € B 21
fyp (1—0{)+% ( )

1 , fyr
(1—a)fys+a;-mm(fyc,E y)

Also note, per Ashby (2000}, « f, s p'5, and this approximation combined with Equation 2:

E. « Esp? may be used to provide an approximate expressiofyfthat is only dependent on
the foaming parameters.

5.2 Winter’s design method

For thin solid steel plates the most widely accgm@egineering approach to predicting their in-
plane compressive strength is Winter's effectivaltiviapproach 0 or some variant thereof.
Winter's approach (see Ziemian 2010 for a full suaryh is predicated on the early test
observations of (Schuman 1930) and the semi-emapiderivation of von Karman (1932).

Winter conducted his own tests in (Winter 1947) achhlead to empirical corrections to von
Karman’s work to account for imperfections. Ultirlgt modern specifications (AISI 2007)

have led to further small modifications. As implertezl (AISI 2007), Winter's approach

provides the reduced width of the pldig,that is effective in carrying the maximum strégs,

b if £, 22.2f,

b, = 22
7] pl1-0.22 [ f | [T f, <2.2f, (22)
fy fy

whereb is the plate widthfe, is the local plate buckling stress, apds the plate material yield
stress. The method results in a predicted compessiengthP,, for the plate of

P, =hyf, (23)

Here we explore the generalization of this desigpreach wherdy is replaced withfy, of
Equation 21 and, includes Allen’s reductions for shear deformatard face sheet bending:
Equations 8, 9 and 10 as well as utilize the cldseth expression of Equation 18 to determine
the number of buckling half-waves that providesiaimum f., for a given plate.

5.3 Sandwich panel collapse simulations and conspas

The LS-DYNA brick element model, employing J-2 pieisy for the face sheets and the triaxial
stress dependent D-F model for the foamed steela®described in Section 4, is employed here
to conduct material and geometric nonlinear codapealysis of simply supported steel foam
sandwich panels loaded under in-plane compres&eametric imperfections in the shape of the
first eigenmode with magnitudes of 0.1t and 0.3He( Schafer 1998) where t is the total
thickness, were employed. As in the eigenbucklinglysis of Section 4;,; = 1 mm, a=30%,

p= 18% (i.e. the foam of Figure 1) which resultstjrn= 0.35 mm andt, = 1.67 mm. Panel
width b was varied from 50 to 200.

12



The force at collapse in the models (normalizedth®y solid sheet squash lo&}=bti,ifys) is
provided as a function of the panel width-to-thieka ratio in Figure 10. The figure also
provides the strength prediction based on Wintemsthod, Equation 23. Three curves are
provided for Winter's method: solid steel (unfoameatieet; sandwich panel - ignoring shear
effects, and; sandwich panel - including shearcegterhe results indicate that shear effects must
be included in the solution, but if they are in@ddand the yield stress suitably modified,ip
Winter's method provides an accurate predictiorstoéngth. Further, even granting the small
loss in capacity due to shear deformations, theémhpanel outperforms the solid steel sheet for
a large range of b/t ratios.

1.2 T T T
— — — —  Winter - solid sheet
——— Winter - panel, ignore shear
10 —— — Winter - panel with shear (proposed)
\ ) LS-DYNA (0.34* imperf)
\ O LS-DYNA (0.10%t imperf)

00 | | |
0 100 200 300 400

b/t

ini

Figure 10: Comparison of finite element collapsewdations of steel foam sandwich panels with
predicted strength based on modified version ofté/is method.

The collapse simulations also provide further ihsigto how the sandwich panel carries load.
Consider theb/ti,i=50 model at peak strength; the longitudinal st@®mstours are provided in
Figure 11. The variation in stress along the lengththe face sheets, increases and decreases
(though in net compression) as it follows the buntklwaves. The stress at the center, in the
foamed steel, is essentially zero. This is in stanmtrast to a solid steel sheet, which has high ne
compression in the center. This can all be obsenvagteater detail for a transverse cut of the
longitudinal stress: consider the section calletimérigure 11 and provided in Figure 12b. If the
longitudinal stress at the same section is integraiirough the thickness, then divided by the
total thicknesst{+2ts) to provide an equivalent stress, the resultgaifg 12a. The distribution of
Figure 12a is readily recognized as similar to ¢lessic stress distribution that motivated the
effective width expressions of von Karman and laténter. Interestingly, as shown in the
figure, the maximum stress at failure is approxehel, (i.e. 117 MPa).

13



concave fac
convex face

0 MEEmESEEN | s, 450 MPa D

Figure 11: In-plane stress distribution in a pareltop face (steel plate), B. mid-plane (foam
plate), C. top face (steel plate), D. cross-sedtiop steel steel-foam-bottom steel face)

140 T T T T 500

120 R
~
£
£
= ~
> 100r g E
@ =
L s0f z
@ @
— 0
2 <4
< 60 =
o —_
oy <
g 2
T 40r &
g— 100 convex face
5} —— — concave face

20 | -

——— foam mid-plane
0 L L L L Oy e e e
0 10 20 30 40 50 0 10 20 30 40 50
location along panel width, mm A location along panel width, mm B

Figure 12: Resistance mechanism of sandwich paAelstegral through the thickness
(effective compressive resistance) expressed inst@f the equivalent smeared stress, B. stress
distribution in: convex steel face, concave staeéfand foam mid-plane.

14



6. Steel foam sandwich panel optimization

To illustrate the performance that is possible wsteel foam sandwich panels the strength
predicted by the suitably modified and validatecht®i’'s method (Equation 23) is compared to a
solid plate (thicknesdm) of the same weight for a variety of different fioed depths. The
commercially available steel foam of FigurepE18%) is again used for the core density, and
the depth of foamingg, is varied from 0.1 to 0.6 (i.e. the initial poni of the plate that is
foamed varies from Ot} to 0.Gj,;). The plate width is varied and the resulting regte
prediction is provided in Figure 13.

Fundamentally, foaming decreadggto fy, via Equation 21) and increases the local buckling
stressf., (through an enhanced plate rigidity appropriatelguced for shear deformations and
face bending Equations 8,9,10). Thus, as showrigar& 13a for stocky plates (lob/tin) the
sandwich panel has a reduced capacity when compagedolid plate of the same weight, but as
slenderness increases the sandwich panel capacigds that of the solid plate. In striking the
balance between reduc&dand enhanced; it is shown that a foamed depth of ;3«=0.3)
provides the biggest improvements over the solateplover the widest range bft,, Figure
13b. In the studied case strength gains above dhé plate between 150% and 200% are
realized forb/ti,>100.

6. Discussion

This work provides a basic building block in thevelepment of steel foams for structural
engineering. Strength predictions of steel in iaRgl compression, and appropriate reductions for
local buckling, are fundamental to the creatiothafi-walled members comprised of steel foam.
It is somewhat remarkable that Winter's equationeoagain can be utilized to predict capacity.
It is worth noting that the final form of Winter'sxpression and its modifications should be
based on tests, not just the simulations providete;hhowever, the work here provides
confidence that the basic approach can be realiredgh additional calibration will no doubt be
required.

This study elucidates the potential stiffness @nehgth gains of steel foam sandwich panels, but
does not explore energy absorption and ductilityerEfor the cases where the squash load is
reduced (i.e. the “Gain” in Figure 14b is < 1.0¢ ttompressive deformation capacity in these
sandwich panels will be greatly increased. Desigitgdures for prediction of the deformation
capacity (and thus ductility and energy dissipgtiane a logical next step for this work.
Significant effort remains at all levels to devekipel foam as a structural material; nonetheless,
work such as that provided herein is intended doaaid encourage that development.

15
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8. Conclusions

Steel foam is emerging as a new structural mateiital intriguing properties: high stiffness-to-
weight ratio, high energy absorption, and otheraatiyges. Foaming steel increases bending
rigidity, but decreases the effective modulus areldystress. A steel foam sandwich panel,
consisting of solid steel faces and an interiorffadmed steel further increases the bending
rigidity, and limits the loss in effective modulasid yield stress. However, depending on the
density of the foamed steel core, shear deformataomd non-composite bending of the face
sheets, must be accounted for in the behavioreal $bam sandwich panels. It is found that the
approximation of Allen (1969) effectively captureese phenomena in the prediction of the
elastic local buckling stress for a steel foam sackl panel. This observation is verified, by
detailed continuum finite element models of a steam sandwich panel with brick elements.
Allen’s elastic local buckling prediction is exteettland a closed-formed solution provided. The
ultimate strength of steel foam sandwich panelgexglored with the detailed finite element
model and it is found that Winter's classic effeetiwidth method suitably modified for the
effective yield stress (derivations provided heyend local buckling stress (based on Allen’s
method) is an excellent predictor of steel foamdsach panels over a wide slenderness range.
Further, exploration of the developed expressiotiizing one commercially available steel
foam demonstrates that foaming the middle 30% sdlal steel plate leads to optimal strength
gains, which can be in excess of 200% of the stheafjithe solid steel sheet of the same mass.
Significant work and experimental validation remdnt the work presented herein shows that a
basic buckling block of thin-walled member desiyinter’'s effective width method, can be
suitably modified for steel foam sandwich panels.
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