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To improve the poor transverse shear resistance of corrugated sandwich cores, the present study uses a
combined analytical and numerical approach to exploit the idea of filling core interstices with polymer
foam. For foam-filled corrugated cores under transverse shear, four collapse modes are considered: elas-
tic buckling, plastic buckling or yielding/fracture of corrugated strut, interfacial debonding/sealing off
between corrugation platform and face sheets, and foam shear failure. Analytical models are constructed
to determine the transverse shear stiffness and strength. To estimate the elastic/plastic buckling strength
of a corrugated strut, the foam insertions are treated as a superposition of Winkler type elastic founda-
tions to support the strut against buckling. Finite element simulations are carried out to validate the
model predictions, with good agreement achieved. The sensitivity of transverse shear strength and failure
mode to corrugation angle, strut slenderness and strain hardening of strut parent material is systemati-
cally studied; collapse mechanism map is constructed, and minimum weight design is carried out.
Whether the sandwich is made of metal or fiber-reinforced composite, it is demonstrated that the
foam-filled corrugated core exhibits radically enhanced transverse shear response, outperforming com-
peting core topologies such as hollow pyramidal lattices and square honeycombs on the basis of equal
mass.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Lightweight sandwich constructions have gained structural pre-
ponderance over monolithic materials due to superior specific
stiffness/strength and potential for multifunctional applications.
The face sheets of a sandwich structure are typically made of metal
or laminate composite, while the core is consisted of stochastic
foam or periodic lattice structure such as truss and honeycomb.
In recent years, there is also a growing interest in exploiting the
stochastic foam as a filling material to enhance, simultaneously,
the load-bearing and energy absorption capabilities of traditional
lightweight structures, such as hollow tubes and sandwich con-
structions having flow-through, periodic lattice cores [1–6]. At pre-
sent, existing studies on these foam-filled sandwiches have
focused mainly on out-of-plane compression and three-point
bending responses, both quasi-static and dynamic, which is impor-
tant for understanding their blast resistance and indentation
performance. However, shear response is of equal significance, as
bending of the sandwich gives rise to transverse shear loading
and to the possibility of collapse of the core in shear. Usually, core
collapse in shear dominates the failure of sandwich beams and
plates with thick cores and relatively thin face sheets.

Existing literature on the shear responses of various periodic
lattice structures [7–12] demonstrated that while hollow/solid
pyramidal lattices and honeycombs outperform corrugation lat-
tices in transverse shear (loading direction aligned perpendicular
to the prismatic direction), corrugations in longitudinal shear
(loading direction aligned with the prismatic direction) may be
comparable with pyramidal lattices and honeycombs. However,
although corrugations may not be the best lattice topology in
terms of mechanical stiffness/strength [10], corrugate-cored sand-
wich constructions have enjoyed widespread applications in areas
of packaging, building and transportation industry (e.g., skin frame
of high-speed trains and rocket engine shells), which is attributed
mainly to their relatively low manufacturing costs. Under longitu-
dinal shear, a corrugated sandwich core usually collapse with plas-
tic shear wrinkling in cell walls [10], analogous to shear of
honeycombs [11]; in comparison, under transverse shear, the
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Fig. 1. Schematic of (a) foam-filled corrugated sandwich plate and (b) unit cell with
additional details for finite element simulation: loading method, periodic boundary
conditions, and interface condition. Red lines denote penalty contact and finite
tangential sliding with the shear stress limit for failure prescribed as sb . Blue lines
denote perfect bonding. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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strength of the corrugated core is governed by Euler elastic/plastic
buckling of the compressed constituent struts, similar in magni-
tude to that found under out-of-plane compression. Hence, the
shear response of a corrugated core exhibits great anisotropy, poor
in transverse shear and excellent in longitudinal shear.

As a kind of hybrid cellular structure, metallic corrugation filled
with closed-cell metal foam has been investigated, both experi-
mentally and numerically [6,13,14]. It is demonstrated that, when
used as sandwich core, it exhibits superiority in both strength and
energy absorption under quasi-static out-of-plane compression
and transverse three-point bending over the traditional empty cor-
rugated core. In addition, using finite element (FE) simulations,
Vaziri et al. [1] assessed the effect of polymer foam filling on the
mechanical properties of corrugated metallic sandwich plates.
Foam-filled corrugated cores in longitudinal shear were found to
have greater shear strength than equivalent unfilled ones, as foam
filling effectively stabilized the corrugated struts against buckling.
Nevertheless, thus far, no study focuses specifically on the trans-
verse shear behavior of foam-filled corrugated cores. This defi-
ciency will be addressed in the present study. We expect that
inserting foams into the interstices of a corrugation may signifi-
cantly enhance its transverse shear properties on the basis of equal
mass.

This study is mainly focused upon how to accurately predict the
equivalent transverse shear modulus and strength of polymer
foam-filled corrugated sandwich cores in terms of corrugation
topology and properties of constituent materials. In Section 2, upon
specifying the problem, analytical models are developed for
equivalent transverse shear modulus and strength that are domi-
nated by four failure modes: elastic buckling, plastic buckling or
yielding/fracture of corrugated struts, interfacial debonding/sealing
off between corrugation platform and face sheets, and foam shear
failure. To validate the prediction accuracy of the developed ana-
lytical models, FE models for foam-filled corrugated cores are con-
structed in Section 3. In Section 4, the influence of key geometrical
parameters and strain hardening of strut parent material upon the
transverse shear strength is discussed, and a collapse mechanism
map is constructed. Consequently, minimum weight designs of
the foam-filled corrugated core under transverse shear are given.
Finally, the influence of strut parent material on minimum weight
design is investigated, and the transverse shear strength of the
foam-filled corrugated core is compared with competing
topologies.

2. Analytical models

Fig. 1(a) and (b) presents schematically a foam-filled corrugated
sandwich plate and the corresponding unit cell (foam insertion
excluded for clarity), respectively. The sandwich structure is
characterized by inclination angle h, core web thickness t, length
l, platform width f, core height H ¼ l sin hþ t, and foam density
qf . Let the relative density �q be defined as the ratio of the average
density qc of foam-filled corrugated core to the density qs of
corrugation material, as:

�q � qc=qs ¼ kþ ð1� kÞqf =qs ð1Þ

where k denotes the volume fraction of corrugation occupied by
folded plates, given by [15]:

k ¼ ðlþ f Þt
ðf þ l cos hÞðt þ l sin hÞ ð2Þ

Eq. (1) ignores the addition to mass by welding flux or adhesive
glue, which is considered small relative to the mass of corrugation.
Upon introducing two dimensionless parameters: a � f=l and
b � t=l; k can be rewritten as:
k ¼ ð1þ aÞb
ðaþ cos hÞðbþ sin hÞ ð3Þ

which, in the limit of vanishing platform volume, reduces to that
obtained by Côté et al. [10]:

k ¼ 2b
sin 2h

ð4Þ

The transverse shear response of an empty or foam-filled corru-
gated sandwich core may be simplified as a planar deformation
problem. Thus, a corrugated panel with small t/l is taken as an
inclined strut fully bonded to the face sheets which, under pure
shear loading, may be treated as a rigid body, with no rotation at
both ends. Hence, its ends may be treated as clamped, as confirmed
by FE simulations (see later). It is further assumed that the foam
and the corrugated panel are perfectly bonded at the interfaces,
so that close contact with each other is maintained during defor-
mation and there is no slipping at the interface.

To facilitate theoretical modeling, an idealized unit cell model is
considered, as shown in Fig. 1(b). With planar deformation
assumed, plane strain deformation prevails so that the corrugated
panel has effective Young’s modulus Es ¼ Es=ð1� m2Þ and yield
stress �rY ¼ 2rY=

ffiffiffi
3
p

. Similarly, the foam insertion has effective
Young’s modulus Ef ¼ Ef =ð1� m2

f Þ. Here, Es; m and rY denote the
Young’s modulus, Poisson ratio and yielding stress of the core
web material, while Ef ; mf and sfc denote the Young’s modulus,
Poisson ratio and shear strength of the foam material, respectively.

2.1. Equivalent shear modulus

With reference to Fig. 1, the equivalent transverse shear modu-
lus G23 of the foam-filled corrugated core may be obtained by
superposition of the contributions from corrugation and foam [1],
as:
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G23 ¼
Esb sinð2hÞð1þ b= sin hÞ

2ð1þ a= cos hÞ þ ð1� kÞGf ¼ eGs þ eGf ð5Þ

where Gf is the shear modulus of the foam material and eGf repre-
sents the contribution of foam alone. The equivalent transverse

shear modulus of the empty corrugated core, eGs, is derived from
the principle of force balance that considers only the stretching
deformation of the core web.

Alternatively, the equivalent elastic constants of a foam-filled
corrugated core can be obtained by applying the homogenization
method based upon the principle of energy equivalence [16].
Thus, as an alternative to Eq. (5) derived by superposition, the
equivalent transverse shear modulus is expressed as:

G23 ¼
1
2

Esbsinð2hÞþ1
2

Esb
3 cos2ð2hÞ

sinð2hÞ þ2mbGf sinð2hÞ
� �

ð1þb=sinhÞ
ð1þa=coshÞ

þ ð1� kÞGf

¼ eGsþ eGbþ eGc

� �
þ eGf

ð6Þ

where eGb is the contribution by core web bending and eGc is attrib-
uted to the coupling effect between foam insertion and core web.
The difference between Eqs. (5) and (6) is the additional considera-
tion of core web bending as well as coupling contribution induced
by the lateral stress that develops by foam matrix in shear stressing
as a result of core web deformation due to the Poisson ratio effect.

To evaluate the influence of foam insertion (both individual
contribution and coupling effect) and core web bending, Fig. 2
plots the equivalent transverse shear modulus of a foam-filled cor-
rugated core as a function of corrugation angle. For comparison,
results for an empty corrugated core having identical geometric
configuration are included. Two typical foam materials, a polymer
foam (Rohacell WF51) and a close-celled aluminum foam with
porosity 76%, are considered, representing separately soft and rigid
foams. It is seen from Fig. 2 that foam contribution is obvious only
when Gf =Es is sufficiently large (e.g., aluminum foam filling), and
that the contribution of core web bending only arises at large t/l
and h < 10� (or h > 80�). Further, contribution by the coupling
effect is so faint that it may be ignored even if a rigid foam such
as aluminum foam is inserted. Consequently, with contributions
from both core web bending and coupling effect neglected, the
simple formula (5) is sufficiently accurate for the prediction of
equivalent transverse shear modulus.

The results of Fig. 2 suggest that filling a metallic corrugated
core with foam could not effectively increase its transverse shear
modulus. Further, Fig. 2 implies that the optimal corrugation angle
maximizing the transverse shear modulus of a foam-filled corru-
gated core is about 45�, almost the same as that of an empty cor-
rugated core.

Given the transverse shear modulus results shown in Fig. 2, the
scope of subsequent analysis on the transverse shear strength of a
foam-filled corrugated core is restricted to geometric config-
urations satisfying 0:0001 6 t=l 6 0:2 and 10� 6 h 6 80�. For such
configurations, the bending deformation of core webs as well as
the coupling effect between core web and foam insertion can be
safely ignored. Hence, only the stretching deformation of core
webs needs to be taken into account in the strength analysis.

2.2. Transverse shear strength

Du et al. [17,18] investigated experimentally the shear and
bending properties of X–Z-pin reinforced polymethacrylimide
(PMI) foam-cored sandwich constructions, and found that pin
reinforcement enhanced effectively the shear stiffness and
strength of the sandwich. However, under shear loading, it was
observed that the failure of a Z-pin foam-cored sandwich corre-
sponded to the shear failure of foam, with crack initiation and
propagation at small strain levels. Thus, for the present foam-filled
corrugated cores, it is expected that foam shear failure is also likely
to occur. On the other hand, debonding at the interface of the core
and face sheets is prone to occur for a sandwich plate under shear
loading. For a foam-filled corrugated sandwich or a foam-cored
sandwich (without corrugations), high strength epoxy adhesive is
commonly chosen to bond the foam to the core webs and face
sheets, both having much larger shear strength than the foam.
Therefore, debonding at the interface between the foam and core
web or face sheets is usually posterior to foam shear failure, and
hence may be ignored.

For the present corrugate-cored sandwich construction, corru-
gated panels are typically manufactured first using the folding pro-
cess for metal panels or the molding prepreg technology for
composite laminates [19], which are then connected to the face
sheets by braze welding or adhesive bonding. Consequently,
debonding or sealing off at the interface between the platform of
corrugation and the face sheets is likely to occur due to limited
bonding or welding area. This scenario is taken into account in
the strength analysis.

In consequence, different from the relatively simple strength
analysis of Vaziri et al. [1] for foam-filled corrugated sandwich
plates under transverse shear, the present study considers four
types of failure mode: (a) elastic buckling of corrugated struts;
(b) plastic buckling, yielding or fracture of corrugated struts; (c)
debonding of interface between corrugation platform and face
sheets; and (d) foam shear failure. The following assumptions are
made:

1. The face sheets are rigid in comparison with the relatively com-
pliant foam-filled core. The influence of shear deformation of
the face sheets on shear stiffness and strength of the sandwich
is neglected.

2. Strain in the foam insertion is pure shear, and equal during
deformation before failure occurs. For simplicity, the foam
experiencing pure shear straining fails with elastic–brittle frac-
ture: when the maximum shear stress in the foam reaches its
strength sfc , the foam fails and the integrity of the foam-filled
corrugated core is lost [20].

3. Shear stress at the interface between the platform of corruga-
tion and the face sheets is uniformly distributed.

4. The strength analysis of a foam-filled corrugated sandwich
plates subjected to transverse shear is based upon small defor-
mation. Within a unit cell, the axial stresses and strains of two
adjacent corrugated struts are equal in magnitude but opposite
in sign, namely, one in compression and the other in tension.

If the disturbance in strain due to the presence of struts is
ignored for the foam insertions, the transverse shear strength of
a foam-filled core may be expressed as:

sp ¼ rcr
b cos h
ðaþ cos hÞ þ ð1� kÞsf ð7Þ

where sf is the average shear stress in the foam insertions, and rcr is
the axial compressive stress of the corrugated struts corresponding
to (any type of) failure once it occurs.
2.2.1. Buckling or yielding/fracture of corrugated struts
Under axial compressive loading, buckling is prone to occur for

corrugated struts, especially for slender struts. Foam insertions
added to the interstices of a corrugated core can greatly enhance
the buckling resistance of the struts. To determine the critical
buckling stress of a corrugated strut surrounded by the filling



Fig. 2. Transverse shear modulus of foam-filled corrugated sandwich core plotted as a function of corrugation angle (a ¼ 0:1): (a) filled with soft foam (e.g., Rohacell WF51);
(b) filled with rigid foam (e.g. close-celled aluminum foam with porosity 76% [14]).
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foam, it is modeled as a column resting on an equivalent Winkler
elastic foundation (see Appendix B). As shown in Appendix A, the
elastic buckling stress of a straight inclined bar resting on
Winkler elastic foundation with simply supported or clamped
end-constraints is given as:

rcr ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ef Esb

3
cos h

sin hþbþ sin h
cos hþa

� �r
; simply supported ends

p2Esb
2

3 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ef Esb

3
cos h

sin hþbþ sin h
cos hþa

� �r
; clamped ends

8>>><>>>:
ð8Þ

For a corrugated sandwich core as shown in Fig. 1(b), it is rea-
sonable to assume the struts are clamped, which is validated by
FE calculations in Section 3. Thus, if the parent material of the cor-
rugated struts exhibits elastic ideally plastic or elastic–brittle frac-
ture response, the critical compressive stress of the strut is given
by:

rcr ¼
p2Esb

2

3 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ef Esb

3
cos h

sin hþbþ sin h
cos hþa

� �r
; if rcr < �rY

�rY ; otherwise

8<: ð9Þ

However, in case of an elastic plastic hardening parent material,
the critical compressive stress for elastic or plastic buckling of the
strut is given by the elastic buckling and Shanley plastic bifurcation
stresses [21], as:

rcr ¼
p2Esb

2

3 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ef Esb

3
cos h

sin hþbþ sin h
cos hþa

� �r
; if rcr < �rY

p2Etb
2

3 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ef Etb

3
cos h

sin hþbþ sin h
cos hþa

� �r
; otherwise

8>>><>>>: ð10Þ

where Et � dr=de is the tangent modulus of the plane strain true
stress versus true strain curve of the material evaluated at rcr . To
obtain the plastic buckling stress with Eq. (10) evaluated at various
points along the material data curve until the buckling stress equals
the material stress rcr , an iterative process is necessary.

With small deformation assumption, the macroscopic shear
strain may be expressed using the axial stretching strain eaxial of
the corrugated struts, as:

c ¼ eaxial

cos hðsin hþ bÞ ð11Þ
where

eaxial ¼
rcr=Es; when rcr 6 �rY

eðrcrÞ; otherwise

(
ð12Þ

Assuming equal strain in the foam-filled core, one has c ¼ cf ,
where cf is shear strain in the foam. Shear stress in the foam can
thence be calculated as:

sf ¼ Gf c ð13Þ

Finally, the transverse shear strength of the foam-filled corru-
gated core corresponding to the failure mode of strut buckling or
yielding/fracture may be obtained by inserting Eqs. (9) or (10),
together with Eqs. (11)–(13), into Eq. (7).

2.2.2. Shear failure of foam
When shear failure of foam occurs prior to other failure modes,

one has sf ¼ sfc . If the corrugated struts are in elastic state, the
shear strength may be obtained using Eq. (5) as:

sp ¼ G23
sfc

Gf
ð14Þ

However, when the strut parent material is elastic plastic hard-
ening, the above formula cannot be used if the stress in the strut
exceeds the elastic limit of the material when the foam fails.
Rather, from Eqs. (11) and (13), one obtains:

eaxial ¼ cos hðsin hþ bÞsfc=Gf ð15Þ

Correspondingly, the plastic axial compressive stress of the cor-
rugated struts may be obtained from the material data curve
rcr ¼ rcrðeaxialÞ. Eventually, the transverse shear strength of the
foam-filled core is calculated using Eq. (7).

2.2.3. Debonding/sealing off of interface between corrugation platform
and face sheets

Interfacial debonding/sealing off is a common failure mode for
sandwich plates under shear. This failure mode is expected when
the interfacial shearing stress in the bonding or welding region
exceeds the bond adhesion or welding strength sb. It is assumed
that the interfacial shearing stress is induced only by stretch-
ing/compression of the inclined struts, rather than shearing of
the filling foam.



Table 1
Mechanical properties of (a) polymer foam and (b) base material of corrugated strut.

Material Density Young’s
modulus

Poisson
ratio

Shear strength

(a) Foam qf (g/cm3) Ef (MPa) mf sfc (MPa)

Rohacell 31
(R31)

0.031 36 0.2 0.3

Rohacell 51
(R51)

0.051 70 0.3 0.8

H100 0.1 120 0.32 1.6
H200 0.2 280 0.32 3.3

(b) Base
material

qs(g/cm3) Es (GPa) m Compressive
strengtha rY (MPa)

304
stainless
steel

7.90 210 0.3 210
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The interfacial shear stress is assumed to be constant along the
length of the corrugation platform, satisfying:

sbf ¼ 2rcrt cos h ð16Þ

Eq. (16) may not be very realistic as many simplifications are
involved, but is still the basis for evaluating adhesive shear
strength in many test standards such as ASTM and ISO [22]. The
axial stress of the corrugated struts follows from (16) as:

rcr ¼
sba

2b cos h
ð17Þ

The transverse shear strength of the foam-filled core
corresponding to debonding/sealing off is obtained by inserting
Eqs. (11)–(13) and (17) into (7).
Ti–6Al–4V 4.43 114 0.33 1070
GFRP 1.77 30 0.18 350
CFRP 1.55 110 0.32 870

a Mechanical properties of 304 stainless steel, Ti–6Al–4V and GFRP are taken
from Liu et al. [23], while those of CFRP from Li et al. [24]. CFRP refers to
unidirectional carbon fiber reinforced composite materials (T700/3234).
Compression strength rY of 304 stainless steel refers to its yielding strength
(plastic hardening should be consider when the stress exceeds rY ). For Ti–6Al–4V,
GFRP and CFRP, rY denotes the compression crushing strength.
3. Finite element simulations

3.1. Finite element model

To verify the accuracy/rationality of the analytical predictions
detailed in the previous section, two-dimensional (2D) FE sim-
ulations are carried out using the implicit solver of commercial
FE code ABAQUS (version 6.10). The foam-filled corrugated core
(including the corrugated struts) is modeled using four-noded
plane strain quadrilateral elements with reduced integration
(CPE4R). Both the top and bottom face-sheets are taken as rigid,
as no deformation of the face-sheets is assumed.

A mesh consisting of approximately square elements with size
l/50 is employed to model the filling foam. For the corrugated
struts (including the platform), a mesh of rectangular elements
with size t/6 across the thickness and size H/50 along the axial
direction is employed. Numerical experimentation confirms that
such mesh choices lead to a response almost independent of mesh
size.

As shown in Fig. 1(b), perfect bonding at either the foam/face-
sheet or foam/strut interface is assumed. To simulate the possible
collapse mode of sealing off or debonding at the interface between
corrugation platform and top/bottom face-sheet, the interface is
modeled using surface-to-surface contacts under the penalty con-
tact method and finite tangential sliding, with the stress limit for
shear failure prescribed as sb.

A single unit of the foam-filled corrugated core is employed as
the representative volume element (RVE), with periodic boundary
conditions applied on its vertical edges (A1; A2) and (B1; B2) as
shown in Fig. 1(b). Let (ui1; ui2) denote the displacements of points
(nodes) on edges (A1; A2) and (B1; B2), where i = 1, 2. The following
relationships are prescribed for each pair of nodes on edges
(A1; A2) and (B1; B2):

ui1 � ui2 ¼ 0; i ¼ 1;2 ð18Þ

except for the 4 corner nodes that are also contained in the top and
bottom face-sheets, which are required to satisfy the prescribed
boundary conditions.

The bottom face-sheet is fixed. While the rotation of the top
face-sheet is constrained, it can translate in direction 3, implying
that the normal traction T3 ¼ 0; see Fig. 1(b). To model pure trans-
verse shear loading, a translation displacement u2 along direction 2
is prescribed on the top face-sheet.

It should be pointed out that no geometric imperfections are
introduced into the present 2D FE model, since the lack of symme-
try about the centroid of either the empty or foam-filled corru-
gated core is sufficient to induce a preferential buckling direction
of the sandwich structure.
3.2. Comparison between numerical and analytical predictions

FE calculations are performed for a sandwich plate having a 304
stainless steel corrugated core filled with PMI foam (Rohacell 51,
see Table 1). The ratio of corrugation platform length to strut
length is fixed at a ¼ 0:1, and the inclination of corrugation fixed
at h ¼ 45� which is typically chosen in previous research
[11,24,25]. The 304 stainless steel is taken as an elastic plastic
hardening material with Young’s modulus Es ¼ 210 GPa, linear
hardening tangent modulus Et ¼ 2 GPa, Poisson ratio m ¼ 0:3 and
initial yield strength rY ¼ 210 MPa. To study the effect of plastic
hardening, the case of 304 stainless steel without plastic hardening
(Et ¼ 0) is also considered. It is assumed that the corrugation plat-
form and the face sheets are connected through brazing with a
shear strength sb ¼ 120 MPa [25]. For simplicity, Rohacell 51 is
taken as a linear elastic material. The distribution of shear stress
in the foam is extracted from the FE model, and the load at which
the maximum shear stress first exceeds the foam shear strength sfc

is taken as the load of foam shear failure.
The numerically calculated normalized transverse shear

strength (namely, specific shear strength) sp=�qrY is plotted in
Fig. 4 as a function of strut slenderness ratio b and compared with
that analytically predicted. Good agreement is achieved, either the
304 stainless steel exhibits strain hardening or not, confirming the
accuracy of the present analytical models. The various collapse
modes of the foam-filled corrugated core appearing in Fig. 4 will
be discussed in the next section.

4. Results and discussions

This section presents firstly systematic results concerning the
influence of geometric parameters (i.e., corrugation angle h and
slenderness ratio b) as well as strain hardening of the strut parent
material upon the transverse shear strength of a 304 stainless steel
corrugated core filled with Rohacell 51 foam. Collapse mechanism
maps are subsequently constructed and minimum weight designs
given. Finally, the transverse shear strength of the foam-filled cor-
rugated core is compared with competing topologies on the basis
of equal mass.



Fig. 4. Effect of strut slenderness ratio b on normalized transverse shear strength of
R51 foam-filled corrugated core (h ¼ 45� and a ¼ 0:1). Both strain hardening and no
hardening of 304 stainless steel are considered. Solid lines denote cases with strain
hardening of 304 stainless steel considered (abbreviated as Hard.), while dash dot
lines denote those without considering strain hardening (abbreviated as No Hard.).
Solid circles denote numerical results with strain hardening of 304 stainless steel
considered, while solid triangles denote numerical results without considering
strain hardening.
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4.1. Influence of geometric parameters

Consider first the effect of corrugation angle. Fig. 3 plots the
specific shear strength as a function of corrugation angle for
a ¼ 0:1 and a range of relative densities. Results obtained with
strain hardening (Et ¼ 2 GPa) for 304 stainless steel are compared
with those without strain hardening (Et ¼ 0). Generally, the
foam-filled core with corrugation angle h ¼ 45� has the maximum
specific shear strength. The maximum specific shear strength
increases with increasing relative density when �q 6 0:10, for
which the collapse of the core is dominated by elastic or plastic
buckling of the corrugated struts. More specifically, foam-filled
cores with �q < 0:015 collapse by elastic buckling, and the degree
of strain hardening has no effect on the shear strength. For foam-
filled cores satisfying 0:015 6 �q 6 0:10, plastic buckling of corru-
gated struts occurs. However, when the foam relative density is
increased further (i.e., �q > 0:10), the collapse mode of the core is
transformed into foam shear failure or interfacial sealing off between
corrugation platform and face sheets. In addition, the critical angle
corresponding to the maximum specific shear strength is shifted
towards 90�, and the maximum specific shear strength decreases
with increasing �q. It is worth noting that, with �q P 0:15, foam
shear failure occurs for relatively small corrugation angles (struts
in elastic state) and relatively high corrugation angles (struts in
plastic hardening state), while interfacial sealing off happens for
intermediate corrugation angles satisfying 15� < h < 55�. Here,
the maximum specific shear strength usually occurs at the
corrugation angle separating the collapse modes of interfacial seal-
ing off and foam shear failure.

The effect of strut slenderness ratio b on specific shear strength
is considered next for a foam-filled core of a ¼ 0:1 and h ¼ 45�. The
results presented in Fig. 4 suggest that, as b is increased from 0.001
to 0.1, the collapse mode of the core is determined successively by
elastic buckling, plastic buckling of struts, foam shear failure and seal-
ing off. Compared with the case with no strain hardening (Et ¼ 0),
strain hardening of 304 stainless steel affects the collapse modes
of plastic buckling, foam shear failure and part of sealing off: when
these collapse modes occur, the corrugated struts are all in plastic
hardening state. Overall, the normalized shear strength increases
with b, until b � 0:06 which corresponds to the transition of col-
lapse mode from foam shear failure to sealing off. At this stage, as
the ratio of corrugation platform length to strut length is fixed at
0.1, which limits the force resisting interfacial sealing off/debond-
ing, the specific shear strength starts to decrease; see Fig. 4.
Fig. 3. Influence of corrugation angle upon normalized transverse shear strength of
R51 foam-filled corrugated core (a ¼ 0:1), with each line representing a given
relative density. Solid lines denote cases with strain hardening of 304 stainless steel
considered (abbreviated as Hard.), while dash lines denote those without con-
sidering strain hardening (abbreviated as No Hard.).
4.2. Collapse mechanism map

Using the analytical expressions of Section 2.2, we construct
failure mechanism maps in terms of nondimensional geometric
parameters, a ¼ f=l and b ¼ t=l, for sandwich cores composed of
strain hardening 304 stainless steel and Rohacell 51 foam filler
under transverse shear. A typical failure mechanism map for the
case of h ¼ 45� is presented in Fig. 5, which not only gives a visual
representation of failure but also makes it easier to identify the
operative collapse mode for a given core geometry. For the purpose
of selecting minimum weight geometries for a given load index sp,
contours of relative density �q and shear strength sp are superim-
posed onto the collapse map. As shown in Fig. 5, the path of mini-
mum weight designs moves along the boundary between sealing
off and its adjacent failure modes.

4.3. Minimum weight design

In this section, under a given critical transverse shear load index
sp, minimum weight design is carried out for foam-filled corru-
gated sandwich cores using the present analytical predictions.
Fig. 5. Collapse mechanism map for 304 stainless steel corrugated core (h ¼ 45�)
filled with Rohacell 51 foam under transverse shear, with contours of relative
density �q and shear strength sp added. The arrows trace the path of minimum
weight designs with increasing sp .
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Specifically, geometric parameters a; b and h are chosen as the
design variables, which are varied over the design space to obtain
a minimum weight solution at each loading index. For a sandwich
core having specified constituent materials, its relative density �q
(as the mass index) is minimized for a given sp subjected to the
constraints that none of the failure modes detailed in Section 2.2
occurs. The optimization problem is solved using the sequential
quadratic programming (SQP) algorithm coded in MATLAB.

For foam-filled corrugated cores composed of strain hardening
304 stainless steel and polymer foam (with its density varying as
R31, R51, H100 and H200; see Table 1), Figs. 6(a–d) present sepa-
rately the optimized loading paths of minimum weight and the
corresponding geometric parameters. The optimization is per-
formed by imposing limits on the thickness of corrugated struts,
namely, 0:001 6 b 6 0:2, which are chosen for ease of fabrication.

It is seen from Fig. 6(a) that corrugated cores filled with R31 and
R51 foams are structurally more efficient than empty corrugated
cores. In sharp contrast, the structural efficiency of corrugated
cores filled with H100 and H200 foams is inferior to the
corresponding empty cores. In other words, under transverse
shear, it is beneficial to fill the interstices of a strain hardening
304 stainless steel corrugated core with a relatively weak (low
density) polymer foam. Additionally, the superiority of R31/R51-
filled corrugated cores over the empty ones is especially obvious
at low load levels (sp < 3 MPa), where the optimal path is governed
by simultaneous elastic buckling and sealing off. As the load index is
increased, the advantage of foam filling gradually diminishes,
accompanied by collapse mode transition from elastic buckling to
plastic buckling or foam shear failure, similar to the out-of-plane
compressive behavior of foam-filled corrugated cores [14].

The values of a; b and h corresponding to the minimum weight
design of Fig. 6(a) are presented in Fig. 6(b–d). While the non-di-
mensional platform length a varies nearly linear with the load
index for relatively weak foams (R31, R51 and H100) or empty
Fig. 6. Minimum weight design in transverse shear: (a) comparison between foam-fi
normalized by strut length; (c) optimal strut thickness normalized by strut length; and (
strain hardening (Et ¼ 2:1 GPa); polymer foam fillers have four densities (R31, R51, H10
corrugation, the difference in non-dimensional strut thickness b
(as well as a) for different foam-filled sandwich cores including
empty ones decreases as the load index is increased. The corruga-
tion angle h varies within a small range between 41.7� and 45�, and
the optimal corrugation angle for an empty core is smaller than
that of a foam-filled core. Generally, the optimal core topology is
governed by simultaneous elastic buckling and sealing off for lightly
loaded sandwiches, by the confluence of plastic buckling and sealing
off for moderately loaded sandwiches, and by the confluence of
foam shear failure and sealing off for heavily loaded sandwiches.

4.4. Performance comparison

4.4.1. Comparison with competing topologies
The transverse shear strength of optimized R51 foam-filled cor-

rugated cores is compared with other competing lattice structures
as shown in Fig. 7 where, for consistence, all the lattice structures
are made of strain hardening 304 stainless steel. The results of
Fig. 7 clearly demonstrate that, on the basis of equal mass, foam-
filled corrugated cores exhibit dramatically improved transverse
shear response over empty corrugations and diamond lattices
[10], X-type truss lattices [26], WBK truss lattices [27], and square
honeycombs [11], and are even slightly superior over optimized
hollow and solid pyramidal lattices [12]. This finding is significant
as corrugate-cored sandwich structures are commonly found in a
variety of engineering applications.

4.4.2. Material selection for corrugated struts
Except for 304 stainless steel, the design of a foam-filled corru-

gated sandwich core can be extended to a wide variety of materials
for the corrugated struts. Fig. 8 plots the transverse shear strength
of an optimized R51 foam-filled corrugated core as a function of
core density for selected parent materials of corrugation, including
Ti–6Al–4V, woven glass fiber reinforced plastic (GFRP), carbon
lled corrugated cores and empty ones; (b) optimal corrugation platform width
d) optimal corrugation angle. Corrugated struts are made of 304 stainless steel with
0 and H200).



Fig. 7. Normalized shear strength of lattice structures (all made of strain hardening
304 stainless steel) plotted as a function of relative density �q (core density
normalized by density of 304 stainless steel). Solid and hollow pyramidal lattices
refer to truss struts with solid or hollow circular section [12]. Data for empty
corrugated cores in both longitudinal and transverse shear and diamond lattices in
transverse shear are taken from Côté et al. [10]; those of square honeycombs from
Côté et al. [11], X-type truss lattice from Zhang et al. [26], and WBK truss lattice
from Lee et al. [27]. Results of Rohacell 51 (R51) foam-filled corrugations are
obtained by the present study. Bold lines refer to finite element results. Discrete
data points represent experimental results.

Fig. 8. Comparison of minimum weight designs of foam-filled corrugated sandwich
cores made of different strut parent materials. 304 steel, Ti–6Al–4V, GFRP and CFRP
corrugation denote separately Rohacell 51 (R51) foam-filled 304 stainless steel
(Et ¼ 2:1 GPa), Ti–6Al–4V, glass fiber reinforced composite (GFRP), and carbon fiber
reinforced composite (CFRP) corrugated cores. Data taken from [7] for CFRP
pyramidal, honeycomb and TMC diamond collinear are included for further
comparison.

Fig. A1. A graph of
ffiffiffiffiffiffiffiffiffiffiffiffiffi
kl4
=EI

q
versus Pcr l2

=ðp2EIÞ relation for an initially straight bar
with fixed ends.
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fiber reinforced plastic (CFRP), and 304 stainless steel (as refer-
ence). Relevant properties of these materials are summarized in
Table 1. In the case of Ti–6Al–4V, GFRP, or CFRP, it is assumed that
the corrugation platform and the face sheets are connected using
adhesive bonding, with a typical adhesive shear strength of
sb ¼ 35 MPa. Simultaneously, existing data for sandwich plates
having CFRP pyramidal, honeycomb, and TMC diamond collinear
cores, which have thus far enjoyed nearly the best shear strength
[7], are added to Fig. 8 for comparison.

The results of Fig. 8 demonstrate that, under transverse shear,
foam-filled cores made of Ti–6Al–4V, GFRP, or CFRP corrugated
struts perform considerably better than those made of 304
stainless steel, as the parent strut material of the former has higher
specific elastic modulus (E=q) and higher specific strength (rY=q).
In other words, in addition to foam filling, increasing the specific
elastic modulus and specific strength (yielding or fracture) of the
strut parent material leads to further enhanced shear performance.
Moreover, when qc > 0:06 g/cm3, it is seen from Fig. 8 that R51
foam-filled CFRP corrugated cores even outperform CFRP pyrami-
dal, honeycomb, and TMC diamond collinear cores.
5. Conclusions

The idea of using foaming filling to enhance the poor transverse
shear performance of a corrugated sandwich core has been theo-
retically exploited. The main findings are summarized as follows:

(1) Filling a corrugated steel sandwich core with polymer foam
leads to radically enhanced transverse shear strength that
surpasses even the best known cellular sandwich cores
(square honeycombs and hollow pyramidal lattices). On
the basis of equal mass, the enhancement increases with
decreasing foam relative density.

(2) The superiority of foam-filled corrugated cores over empty
(unfilled) ones is more obvious at relatively low load levels
where sandwich collapse is dominated by strut elastic
buckling.

(3) For corrugated struts made of 304 stainless steel, the specific
shear strength is sensitive to corrugation angle and strut
slenderness ratio. Strain hardening of strut parent material
only affects the shear strength in the case of moderate slen-
derness ratios where collapse is accompanied by strut
yielding.

(4) Under transverse shear, sandwiches with polymer foam-
filled CFRP corrugated cores are superior to those having
CFRP pyramidal, CFRP honeycomb and TMC diamond colli-
near lattice cores on equal mass basis.
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Fig. B1. Winkler type elastic foundation model for foam-filled corrugated core: (a) vertical springs with spring coefficient kv ; and (b) horizontal springs with spring
coefficient kh .
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Appendix A. Stability of Initially Straight Beams Resting on
Winkler Elastic Foundation

For an initially straight beam resting on a Winkler foundation,
the differential governing equation may be written as [28]:

EI
d4w

dx4 þ P
d2w

dx2 þ kw ¼ 0 ðA1Þ

where w and EI are the lateral displacement and flexural rigidity of
the beam, k is the equivalent spring coefficient of the Winkler foun-
dation, and P is the axial end force. The corresponding general solu-
tion for a beam with length l is:

w ¼ A sin
/1x

l
þ B cos

/1x
l
þ C sin

/2x
l
þ D cos

/2x
l

ðA2Þ

where A, B, C and D are arbitrary constants, and

/1
/2

� �
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c1
2 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c1
2

	 
2 � c2

qr
; c1 ¼ Pl2

=EI and c2 ¼ kl4
=EI being

dimensionless parameters.
For a beam with torsional spring restraints at the two ends, the

boundary conditions may be written as:

x ¼ 0; w ¼ 0; w0 ¼ �M1=a1

x ¼ l; w ¼ 0; w0 ¼ M2=a2
ðA3Þ

where a1 and a2 are the stiffness of the torsional springs at the two
ends of the beam; M1 and M2 are the corresponding bending
moments at the ends.

Inserting Eq. (A2) into Eq. (A3) leads to a quaternary system of
homogeneous linear equations, as:
0 1 0 1
/1 k1/

2
1 /2 k1/

2
2

sin /1 cos /1 sin /2 cos /2

/1 cos /1 � k2/
2
1 sin /1 �/1 sin /1 � k2/

2
1 cos /1 /2 cos /2 � k2/

2
2 sin /2 �/2 sin /2 � k2/

2
2 cos /2

26664
37775

A

B

C

D

8>>><>>>:
9>>>=>>>; ¼ 0 ðA4Þ
where k1 ¼ EI=a1l and k2 ¼ EI=a2l. By setting the determinant of
coefficient matrix of Eq. (A4) to zero, the nondimensional load
parameter c1 and the critical load Pcr are obtained.

For a beam simply supported at the two ends (M1 ¼ M2 ¼ 0), its
elastic buckling load is [29]:

Pcr ¼ n2 p2EI

l2
þ 1

n2

kl2

p2 ðA5Þ
The critical load corresponding to the smallest Pcr can be writ-
ten as:

Pcrmin
¼ 2

ffiffiffiffiffiffiffi
kEI
p

ðA6Þ

For a beam clamped at both ends (a1 !1 and a2 !1), the
characteristic equation is given by [28]:

/1 tan /1 ¼ /2 tan /2; for symmetric buckling
/1 cot /1 ¼ /2 cot /2; for anti-symmetric buckling

ðA7Þ

The numerical solution of Eq. (A7) can be found with great accu-
racy by Newton iteration. Alternatively, the buckling load for any
fixed-end beam with finite length may be expressed with good
approximation as:

Pcrmin
¼ 4

p2EI

l2 þ 2
ffiffiffiffiffiffiffi
kEI
p

ðA8Þ

As shown in Fig. A1, the discrepancy between (A7) and (A8) is

small, especially for large
ffiffiffiffiffiffiffiffiffiffiffiffiffi
kl4
=EI

q
. Consequently, in the present

study, Eq. (A8) is employed for analytical modeling.

Appendix B. Equivalent Winkler Model for Foam-filled
Corrugated Sandwich Cores

To determine the buckling stress of a corrugated (inclined)
strut, following Liu et al. [23], the foam insertions are treated as
a superposition of two Winkler type elastic foundations to support
the strut, assuming the constraints from the foam is uniformly dis-
tributed. As shown in Fig. B1(a), in the first foundation model, a
strut of width W and thickness t is supported by vertical springs
with spring coefficient kv . To a good approximation, this coefficient
may be written as:

kv ¼
Ef W

H
¼ Ef W

l sin hþ t
ðB1Þ
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In the second foundation model as shown in Fig. B1(b), the strut
is placed on horizontal springs with spring coefficient kh. By invok-
ing the periodic boundary conditions, kh may be calculated as:

kh ¼
Ef W

B
¼ Ef W

l cos hþ f
ðB2Þ

where B refers to the width of half unit cell. The total foundation
modulus is therefore given by:

k ¼ kv cos hþ kh sin h ¼ Ef
W
l

cos h
sin hþ b

þ sin h
cos hþ a

� �
ðB3Þ

Finally, upon inserting Eq. (B3) into Eqs. (A6) or (A8), the buck-
ling stress for a compressed corrugated strut supported by foam
filling may be obtained with rcr ¼ Pcrmin=tW .
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