A R C H I V E
VOL. LXII

O F

M E C H A N I C A L
2015

E N G I N E E R I N G
Number 4

10.1515/meceng-2015-0025
Key words: sandwich meta-structure, classic sandwich strip, ratio of interfacial contact, interlayer bonding factor,
coefficient of impact sensitivity, flexural stiffness.

STANISŁAW KARCZMARZYK*

COMPARATIVE GEOMETRICAL AND EXPERIMENTAL STUDY
ON A NEW SANDWICH META-STRUCTURE
AND ITS CLASSIC THREE-LAYER COUNTERPART
The aim of this paper is to compare some geometric parameters and deflections
of a sandwich meta-structure with its classic, three-layer counterpart. Both structures
are composed of the same materials and have the same external dimensions and mass,
but their middle layers (cores) are different. The core of the sandwich meta-structure
is a new spatial structure itself, consisting of there-layer bars. The core of the classic
sandwich structure is a layer of the continuum. To make the comparison more general
and convincing, three geometrical parameters, i.e., ratio of interfacial contact (Ric),
interlayer bonding factor (Ibf) and coefficient of impact sensitivity (Cis), were introduced and applied. Deflections of the structures, simply supported at the edges and
loaded in the mid-span by a static force, have been measured and are presented in the
paper. Potential advantages of the new meta-structure are briefly outlined.

1. Introduction
Sandwich structural elements are becoming more common in bodies for
railway wagons [1], buses [2], and in the construction of aircraft [3]. Recently,
sandwich structural elements attracted the attention of researchers as noise barriers [4-9]. In all the above mentioned applications, the middle layers were of
polymer foams or cellular (honeycomb) structure. Unfortunately, the core materials are sensitive to impact and unfavorable to them are debonding appearing between the core and facings. In the sample papers [10-11], we can find
many details about defects in sandwich structures with the foam and cell cores
and some consequences of these defects. Improved mechanical properties have
sandwich structures with 3D cores, produced from the 3D woven fabrics [12].
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It is noted that the sandwich structures also include those that have, instead
of the continuous or cellular or 3D cores, different, usually unidirectional, homogeneous profiles placed between the outer layers and fixed to them. In paper
[13], one can find the nomenclature of these cores. Hence, we have sandwich
panels with continuous-corrugated-core, top-hat-core, zed-core, channel-core
(or C-core) and with truss-core. In paper [14], some mathematical details on
the C-core sandwich panel have been given. Some results of numerical investigations of sandwich panels with I-core are presented in [15]. An interesting
result of this study is that filling the space between the I-bars with a foam implies a significant increase in critical buckling stress for this structure.
The purpose of this article is to describe a new three-layer sandwich structure with a discontinuous core. Facings of this structure are conventional, isotropic but the core is new in comparison with the cores outlined above. It is
composed of two groups of heterogeneous, three-layer bars. The bars of one
group (family) are perpendicular to the bars of the second group. To the best
of the author’s knowledge, the core is the new spatial 3D composite structure.
The author believes that, because of the geometric and physical complexity
of the core, it is better to call the sandwich panel by the term sandwich meta-structure. In a number of places in the text, the new core is referred to by the
terms: grid core, grate core, lattice core, cellular core, or composite core. It is
noted that the structure of the core is one of the claims in the patent application [16].
The paper describes a fresh idea and initial geometric and experimental
evaluation of this idea. The new core of the meta-structure proposed in [16]
and analyzed here, consisting of three-layer intersecting bars, differs from all
the cores in the literature [13, 17-22]. This core is not corrugated [13], TorHex
[17-18], 3D integrated [19], tetrahedral truss [20], hexagonal honeycomb [21]
or square honeycomb [22]. (It is noted that the square honeycomb core in paper [22] is of a homogeneous material while the new lattice core, described in
the present paper, is composed of non homogeneous, intersecting, three-layer
bars.).
The work consists of two substantive parts. One of them contains formal considerations, concerning geometry of the new core. For the purpose,
three geometrical parameters i.e., ratio of interfacial contact (Ric), interlayer
bonding factor (Ibf) and coefficient of impact sensitivity (Cis), were introduced
and applied. The purpose of the geometric analysis is to show some properties as well as the possibilities and limitations of making of the new lattice
core, which would not be heavier than a conventional core of polyurethane
foam. The latter substantive part contains experimental results (deflections)
for a sandwich strip with the new composite core and for the classic three-layer strip. Short discussion of the results is also given. It is stressed that the
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experimental studies were conducted mainly to answer the question what is
the relationship between flexural stiffnesses of the two structures, composed
of the same materials and having the same mass: the new meta-structure, and
the classic three-layer sandwich structure.
The layout of the paper is as follows. In section 2, the ratio of interfacial contact (Ris) for the homogeneous grid (rectangular honeycomb) core is
defined. The definition is also applicable to the non-homogeneous grid core
which is considered in detail in section 3. In section 4, two additional geometric parameters, interlayer bonding factor (Ibf) and coefficient of impact
sensitivity (Cis), are introduced and their dependence on geometric parameters
of the composite core is analysed. In section 5, the condition of equality of the
masses of the continuous core and grid one and consequences of the condition
are considered. Section 6 contains description of the meta-structure investigated experimentally. In section 7, the experimental results are presented and
briefly discussed. Section 8 contains some conclusions.

2. Grid core and its ratio of interfacial contact
Consider first the core as a homogeneous grid structure – as shown in
Fig. 1.

Fig. 1. Core in the form of a grate

Let us assume that the following equalities are satisfied,
=
a m=
b m2=
d,
mi 1, 2, 3, =
... ,
i 1, 2 . 		(1)
1c,

One can see in Fig. 1 that the area consisting of N = m1×m2 rectangles
of dimensions c×d is equal to the product ab. The height of the cells (c –2t)×
×(d – 2t) is equal to the thickness of the core. The ratio of interfacial contact
(Ric) between the core and each of the faces is defined as follows,
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c =d

Ric =1 − ( c − 2t )( d − 2t ) / cd =1 − ( c − 2t ) 2 / c 2 =		(2)
=1 − (1 − 2t / c ) 2 =4(t / c )(1 − t / c ).
It is noted that, if 2t/c = 0.2 then Ric = 0.36. It is much less than for the
classic three-layer sandwich counterpart, with continuous core, where Ric = 1.
Formula (2) is also valid if the lattice core is the nonhomogeneous structure
presented in section 3.

3. New non-homogeneous core of the meta-structure
The new core of the meta-structure is shown in Fig. 2.

Fig. 2. New core of the meta-structure: 1 – side view of three-layer bars with top rectangular
or square cut-outs, 2 – side view of three-layer bars with bottom rectangular or square cut-outs,
3 – plane view of assembly of the bars

As it is seen in Fig. 2, the core of the meta-structure consists of two families of three-layer bars which are connected within the cut-outs by means of
glue. The bars of one family are perpendicular to the bars of the latter family
and, therefore, the core is a non-homogeneous grid, where 2t = 2t1 + t2 whereas
t1 and t2 are thicknesses of the outer layers and the middle layer of the bars,
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respectively. Hence, the ratio of interfacial contact between the non-homogeneous core and facings of the whole meta-structure is defined by formula (2).
It is reasonable for technological reasons to assume that the sizes of the cut-outs in all the bars are the same, regardless of the family to which they belong.
It is noted that at, bt, see Figs 1-2, are defined as follows,
at = a + 2t = m1c + 2t ,
d =c

bt = b + 2t = m2 d + 2t = m2 c + 2t ,

		(3)

2t = 2t1 + t 2 ,
mi = 1, 2, 3, ... ,

i = 1, 2 .

The product m1m2 = (m – 1)(n – 1) is equal to the number of cells of dimensions (c – 2t)×(d – 2t) while the product mn is equal to the number of the
bars – see Fig. 2.

4. Additional geometric parameters for the new meta-structure
In order to present better the new meta-structure, two additional geometric parameters are useful. One of them is called the interlayer bonding factor
(Ibf). It is defined as follows,
 i=n
Ibf =  ∑ 2 Ab1i +
 i =1


j =m

k =K

l=L

j =1

k =1

l =1

∑ 2 Ab2 j + ∑ Abck + ∑ Acfl + 4t (at + bt − 2t ) + 4n( Da − at )t + 4m( D

K

l=L



1

l =1



(4a)

∑ Abck + ∑ Acfl + 4t (at + bt − 2t ) + 4n( Da − at )t + 4m( Db − bt )t  / Da Db ,
Ibf

 i =n
=  ∑ 2 Ab1i +
Db =bt
 i =1

Da =at

j =m

k =K

l =L



j =1

k =1

l =1



∑ 2 Ab 2 j + ∑ Abck + ∑ Acfl + 4t (at + bt − 2t )  / at bt .

(4b)

The symbols appearing in (4) denote: Ab1i – area of contact between two
adjacent layers of ith bar of family 1, Ab2j – area of contact between two adjacent layers of jth bar of family 2, Abck – area of the connection of two bars in kth
perpendicular intersection, Acfl – area of contact between lth cell of dimensions
c×d of the core and faces of the meta-structure, respectively. It is clear that
Ab1i = Da h − mht = h( Da − mt ) ⇔

i =n

∑2A
i =1

b1i

= 2nh( Da − mt ),

(5a)
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Ab 2 j = Dbh − nht = h( Db − nt ) ⇔
Abck = 4t 2 + 4ht = 4t 2 (1 + h / t ) ⇔
l =L

∑A
l =1

cfl

j =m

∑2A

b2 j

j =1

k =K

∑A
k =1

bck

= 2mh( Db − nt ),

(5b)

= 4mnt 2 (1 + h / t ) , 		(6)

=2 Lcd ⋅ Ric, K =mn, L =( m − 1)( n − 1), m =m1 + 1, n =m2 + 1. (7)

The symbols m, n denote the number of bars in the families.
The Ibf geometrical parameter is very useful for assessment of the area
and costs of all bonding within the meta-structure, as well as for comparing
the new meta-structure with the classic sandwich panel. It takes into account
both the bonding between the facings and the lattice core and bonding between
the outer layers and the middle layer of the lattice bars. The parameter Ibf is
very sensitive to the thickness of the core – as it is shown in Fig. 4 (see in
further text). If Ibf is greater than 2, then the all area and costs of bonding for
the meta-structure are higher than the bonding area and costs for the classic
sandwich panel.
The next (third) geometric parameter, helpful for the analysis of the new
core, is called here the coefficient of impact sensitivity and it is defined as follows,
Cis =[nDa + m( Db − 2nt )]2t / Da Db

Da = a

= Ric .		(8)

Db =b

The Cis defines probability of hitting any bar of the grate core by a hard
object of size much smaller than the size of the cell c×d. It is noted that within
the rectangle of dimensions Da×Db = a×b, where Da = a = (m – 1)c, Db = b =
= (n – 1)d, Cis = Ric. Irrespective of the equality (Cis = Ric), the introduction
of Cis parameter seems to be reasonable due to its simple, convincing physical interpretation as the probability of impact of the grate core, and because
of high sensitivity of classic sandwich panels to the impact loads. Below, this
topic is commented more extensively.
The effects of impact load of sandwich panel with laminate facings and
continuous core can be as follows [23]: (1) indentation of facing, (2) debonding between the facing and the core, (3) crushing of the core, (4) delamination
between the plies of the laminated facings, (5) matrix cracking, and (6) fiber
breakage in the facing. Usually, all the damage modes mentioned above can
occur simultaneously. However, the existence and possible crushing of the
core seems to be the most cumbersome for the following reasons. Firstly, the
area of crushed core is the largest, in particular, it is larger than the debond-
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ing and delamination areas [23]. Secondly, delamination between the plies of
laminated facings of a rectangular sandwich panel doesn’t need to be dangerous provided that the delaminated facing is not loaded by stretch out-of-plane
forces, perpendicular to the plane of delamination [24] and reinforcements
of the adjacent, delaminated plies are perpendicular/parallel to the edges of
the panel. The first requirement, concerning the out-of-plane stretch loads is
satisfied in many sandwich constructions. The latter requirement can also be
satisfied. In has been shown in [24-25] that the stress intensity factors KII , KIII
(and the released energies GII, GIII) associated with shear stresses between the
delaminated plies, along the circumference/edge of the delamination area, are
small (close to zero) when the angle θ between edges of the panel and directions of reinforcement equals either 0 or 90 degrees. Thus, for the cross-plied
laminate the delamination is not very dangerous.
Let us note that removing the core material, as it is within the area (c – 2t)×
×(d – 2t) of the lattice core, removes the problems 2-3. The cells of dimensions (c – 2t)×(d – 2t)×h (see Fig. 1-2) can be filled with a light acoustic foam
or sponge not sensitive to impact loads. Moreover, it is noticed that the probability of damage of the meta-structure composed of aluminum facings and
the lattice composite core by the impact load is in fact equal to Cis, because
damage modes (2)-(6) do not occur in this case, and the aluminum sheet is
not so sensitive to impact loads as its laminate counterpart. Due to all abovementioned arguments, application of the lattice core and introduction of Cis
seems to be reasonable – see also section 5.
The usefulness of the above defined parameters, Ric, Ibf and Cis, is also
shown in Table 1 which contains comparison between an exemplary core of
thickness h = 100 mm composed of m×n = 9×9 = 81 bars and its continuous
counterpart for Da = a = Db = b = 1000 mm.
Comparison of cellular and continuous cores by means of the parameters:
Ric, Cis, Ibf. h = 100 mm
Type of the core
Continuous
Composed of bars, c = d,
2t/c = 0.2, Da = a, Db = b

Ric

Cis

Ibf

1

1

2

0.36

0.36

~4.67

Table 1.

The data collected in Table 1 show that the cellular core, composed of the
three-layer bars, as it is shown in Fig. 2, is much less sensitive to impact than
the continuous core. Unfortunately, much more glue is necessary to connect all
the stiff layers with compliant layers within the cellular core and to connect the
core with the facings of the meta-structure than in the case of the classic panel
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with continuous core. The parameter Ibf = 4.67 for the grate core is more than
two times higher than for the classic core.
In Fig 3, the Ibf parameter is shown in the domain of t2 for t1 = 1.5 mm and
h = 100 mm. The results have been obtained under the assumption of constant
values of another parameters occurring in (4-7).

Fig. 3. Ibf versus t2 for assumed: at = 1000 mm, bt = 1000 mm, t1 = 1.5 mm

In Fig 4, the Ibf parameter is shown in the domain of t2 for t1 = 1 mm,
h = 100 mm and h = 30 mm. The results have been obtained under the assumption of constant values of another parameters occurring in (4-7).

Fig. 4. Ibf versus t2 for assumed: at = 1000 mm, bt = 1000 mm, and t1 = 1 mm

From the data in Figs 3, 4, one can conclude that the interlayer bonding
factor is weakly dependent on (almost independent of) the thickness t1 of outer
layers of the bars and it is very sensitive to the thickness h.
In Fig. 5, the Cis parameter is shown in the domain of t2 for t1 = 1.5 mm.
The results have been obtained under assumption of constant values of other
parameters occurring in (8).
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Fig. 5. Cis versus t2 for assumed: at = 1000 mm, bt = 1000 mm, and t1 = 1.5 mm

In Fig. 6, the Cis parameter is shown in the domain of t2 for t1 = 1 mm. The
results have been obtained under the assumption of constant values of other
parameters occurring in (8).

Fig. 6. Cis versus t2 for assumed: at = 1000 mm, bt = 1000 mm, and t1 = 1 mm

Comparing data in Figs 5, 6 one can see that the coefficient of impact
sensitivity is weakly dependent on (almost independent of) the thickness t1 of
outer layers of the bars.

5. Condition of equality of the masses of continuous core
and the grid one
To obtain the condition, the following parameters, i.e., the mass of the
continuum foam core (mcfc), the mass of facings of the bars in the grid core
(mfbl), and the mass of foam layers of the bars in the grid core (mfl) have to be
first obtained, as follows,
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mcfc = Da Db hρ cfc , 		(9)

m fbl = [nDa + mDb − 2mnt ]2t1hρ fbl = [n( Da − mt ) + m( Db − nt )]2t1hρ fbl , (10a)
m fl= [ n( Da − mt ) + m( Db − nt )]t2hρ fl = m fbl

t2 ρ fl
.
2t1 ρ fbl

(10b)

If the mass of the grid core is smaller than or equal to the mass of the continuus core, the following inequality must be satisfied,
m fbl + m fl ≤ mcfc ≡ m fbl ( 1 +

t2 ρ fl
) ≤ mcfc ,
2t1 ρ bfl

[n ( Da − mt ) + m( Db − nt )]2t1hρ fbl ≤ Da Db hρ cfc − [n( Da − mt ) +
+ m( Db − nt )]t2 hρ fl .

(11a)
(11b)

Directly from (11) one obtains,
ρ fl = ρ cfc ⇔

=
ρ fl ρ cfc ⇔

ρ fbl Da Db − [n( Da − mt ) + m( Db − nt )]t2
≤
,
ρ cfc
[n( Da − mt ) + m( Db − nt )]2t1
ρ fbl
ρ cfc

Da = at

≤

Db =bt

at bt − [n( at − mt ) + m(bt − nt )]t2
.
[n( at − mt ) + m(bt − nt )]2t1

(12a)

(12b)

After using the equalities, resulting from (3) and (7),
at = m1c + 2t = ( m − 1)c + 2t ,
d =c

bt = m2 d + 2t = ( n − 1)d + 2t = ( n − 1)c + 2t ,

m, n = 2, 3,... ,

(13)

the following expression for the ratio ρfbl /ρcfc is obtained from (12b),
ρ fl =ρ cfc ⇔
≤

ρ fbl
≤
ρ cfc

[( m − 1)c + 2t ][( n − 1)d + 2t ] − {n[( m − 1)c − ( m − 2)t ] + m[( n − 1)d − ( n − 2)t ]}t2
.
{n[( m − 1)c − ( m − 2)t )] + m[( n − 1)d − ( n − 2)t ]}2t1

(14)

In Table 2 one can see dependence of the ratio ρfbl /ρcfc on t2 under the
assumption of constant values of other parameters occurring in (12).
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Table 2.
Ratio ρfbl /ρcfc versus t2 for assumed parameters: at = 1000 mm, bt = 1000 mm, and t1 = 1.5 mm
t2 mm

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

m = 10

14.0 13.8 13.6 13.3 13.1 12.9 12.6 12.4 12.2 11.9 11.7 11.5 11.3 11.1 10.8 10.6

m=9

15.9 15.6 15.4 15.2 14.9 14.7 14.5 14.2 14.0 13.8 13.5 13.3 13.1 12.9 12.6 12.4

m=8

18.2 17.9 17.7 17.5 17.2 17.0 16.7 16.7 16.3 16.1 15.8 15.6 15.4 15.1 14.9 14.7

The data from Table 2 are presented in Fig. 7.

Fig. 7. Ratio ρfbl /ρcfc versus t2 for assumed parameters: at = 1000 mm, bt = 1000 mm,
and t1 = 1.5 mm

In Fig. 8, there is shown the ratio ρfbl /ρcfc versus t2 for t1 = 1 mm.

Fig. 8. Ratio ρfbl /ρcfc versus t2 for assumed: at = 1000 mm, bt = 1000 mm, and t1 = 1 mm

Comparing data in Figs 7, 8 one can observe that the ratio ρfbl /ρcfc is very
sensitive to the thickness t1 of outer layers of the bars and it increases with
decreasing t1.
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The formal analysis (see e.g. chart in Fig. 8) indicates that, applying available materials, we are able to build the lattice core composed of three-layer
bars, which is not heavier than the classic continuous core made of a polymer
foam. For instance, assuming that density of the foam equals to 70 kg/m3,
t1 = 1 mm, t2 = 18 mm, and m = n = 8, one obtains from the chart in Fig. 8
the density of the outer layers of the bars (ρfbl) equal to 70∙25 = 1750 kg/m3.
If density of the outer layers of the bars is less than 1750 kg/m3, then the lattice core will be lighter than its continuous counterpart made of the foam of
density equal to 70 kg/m3. The dimensions of the cells c×d in the case are
c = d = 140 mm.
The purpose of the geometric analysis in sections 3-5 is to show some
properties, as well as the possibilities and limitations, of making the new
lattice core, which would not be heavier than a conventional core of polyurethane foam. What’s more, the Ric, Cis and Ibf parameters can be useful for
preliminary design of the meta-structure. The choice of the basic parameters,
t1, t2, h, ρ1, ρ2, m and n is the first step of the design process. It can be done
by means of the graphs, as shown in sections 4-5. The basic principle of the
design process is as follows: to obtain as small values of Cis and Ibf parameters and as high value of the ratio ρ1/ρ2 ≡ ρfbl /ρcfc as possible, and to satisfy
the design criteria for the meta-structure. The graphs such as 3-4, 5-6 and 7-8
show how the complex parameters (Cis, Ibf and ρ1/ρ2) depend on t1, t2, h, m,
n and enable us to make a reasonable, compromise choice (assumption) of
the basic parameters.
Thus, assuming t1, m, n and Cis one can obtain, from Fig. 5-6, the thickness t2. Then, assuming ρ2 ≡ ρcfc and using the graphs as in Fig. 7-8, one can
obtain the ratio ρ1/ρ2 ≡ ρfbl /ρcfc and the density ρ1 ≡ ρfbl. Upon the basis of these
data, and using the graphs as in Fig. 3-4, one can select the parameter h. After
selecting the basic parameters (m, n, t1, t2, h, ρ1, ρ2) the designer has to check
some design criteria, strength, stiffness and cost, e.g. using the commercial
FEM software.

6. Meta-structure investigated experimentally
The core of the meta-structure investigated experimentally is shown in
Fig. 9.
The core in Fig. 9 has been built of three bars of length 1200 mm
(Da = 1.2 m) and twelve bars of length 230 mm, (Db = 0.23 m). To decrease its
weight, two outer bars of length Da have been composed of two layers. One
of the layers (2 mm thick) has been made of fiberboard and the latter (16 mm
thick) has been made of PIR foam of density 30 kg/m3. The inner bar of length
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Fig. 9. Core of the meta-structure investigated experimentally – with two-layer outer bars
and three-layer inner bar of length Da

Da consists of three layers. Also, all bars of length Db consist of three layers.
Outer layers of the three-layer bars are made of the fiberboard, and the middle layers are cut from the PIR foam. These materials were selected because
they were readily availabile. The thicknesses of layers of the three-layer bars
are t1 = 2 mm and t2 = 16 mm, hence 2t = 2t1 + t2 = 20 mm – see Fig. 2. The
thickness of the core is h = 30 mm – see Fig. 2. The dimensions of the cells
c×d (see Fig. 2) are 100 mm × 100 mm. The three-layer meta-structure, studied experimentally, has been composed of the core shown in Fig. 9, and two
facings of fiberboard glued to the core. The dimensions of the facings are
1.2 m × 0.23 m × 0.002 m. Hence, total thickness of the metastructure is
H = h + 2tf = 34 mm, where tf denotes the thickness of facing. All the grid core
data are collected in Table 3.
The geometrical parameters of core of the meta-structure, in milimeters
Da
1200

Db
230

at
1120

bt
216

c
100

d
100

h
30

t1
2

t2
16

Table 3.
2t
20

It is noted that the consequence of the presence of the two longitudinal
two-layer bars in the grid core shown in Fig. 9 are the following expressions
for mcfc, mfbl, mfl, and ρfbl /ρcfc, defined in section 5,
mcfc = Da Db hρ cfc ,

(15)

m fbl= [( Da − mt )( n − 1) + m( Db − nt + t1 )]2t1hρ fbl ,

(16)
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m=
[n( Da − mt ) + m( Db − nt + t1 )]t2hρ fl ,
fl

ρ fl = ρ cfc ⇔

ρ fbl Da Db − [n( Da − mt ) + m( Db − nt + t1 )]t2
=
.
ρ cfc
[( Da − mt )( n − 1) + m( Db − nt + t1 )]2t1

(17)
(18)

The dependence of the ratio ρfbl /ρcfc, expressed by (18), versus t2 for different t1 is shown in Fig. 10. One can see that this ratio is very sensitive to the
thickness t1 of the outer layers of the three-layer bars of the grid core. The ratio
ρfbl /ρcfc increases with decreasing t1.

Fig. 10. The ratio ρfbl /ρcfc versus t2 for the meta-structure investigated experimentally:
at = 1120 mm, bt = 216 mm, m = 12, n = 3, and t1 = 2, 1.5 and 1 mm, respectively

Before presentation of the experimental assessement of the sandwich
meta-structure composed of the outer layers and the novel core shown in
Fig. 2, 9, an analytic consideration is presented here to better hightlight its
mechanical properties. Let us first note that the arrangement of the three-layer bars, such as shown in Fig. 2, 9, allows us to obtain more rigid connection of the outer layers of the meta-structure. It is possible owing to the
fact that the outer layers of the three-layer bars are made of a material of high
rigidity, whereas the middle layer (of a soft material) acts as a stabilizer for
the outer layers of the bars.
It is well known (see e.g. [26]) that sandwich beam can be treated as a homogeneous I-beam with flanges of width bf and web of width bw, whereas bw
is defined as follows [26],
b f =h

bw = b f Ec / E f = h Ec / E f .

(19)

Ec, Ef in (19) are the Young’s moduli of the core and facings, respectively.
Ef is the Youngs’s modulus of a homogeneous I-beam which is functionally
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equivalent to the sandwich one. If the I-beam is rotated by 90 degrees, then
we have the H-beam which is a model of the three-layer bar, which in turn is
a part of the grid shown in Fig. 2, 9. An illustration to the above comment is
shown in the diagram:

The dimensions of the I-beam (and consequently those of the H-beam)
can be obtained directly from Fig. 2 and formula (19). It is seen in Fig. 2 that
dimensions of outer layers of the three-layer bars are t1×h and dimensions of
the web of the I-beam (and H-beam) are bw×t2, whereas bw is defined by (19).
Below we compare the moments of inertia of an I-beam and an H-beam having the same sectional dimensions. The moment of inertia of the I-beam can
be defined as follows,
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12 12
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Assuming that t2/t1 =16 or t2/t1 =8, and Ec /Ef = 0.01, one obtains,
2
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The moment of inertia for the H-beam is as follows,

t1h 3
t1h 3
t1h 3
3
3
 2 + (bw / h ) (t2 / t1 )  ≡
 2 + ( Ec / E f ) (t2 / t1 )  ≅
IH =
. (21)
12 
12 
6
Comparing (20c)-(20d) and (21) one can see that, for the realistic ratios,
t2/t1 ≥ 8, Ec /Ef ≤ 0.01 and t2/h ≤ 0.5, the inertia moment IH is greater than II.
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Thus, the realistic novel H-core proposed in this paper should be stiffer than
the I-core of the same dimensions. Such a conclusion is consistent with the
experimental results presented in the work.
This conclusion applies to the situation where the I-beam is just the
H-beam rotated by 90 degrees and does not apply in the cases where dimensions of the cross-section of the I-beam (which is counterpart of the sandwich
beam) are different than dimensions of H-beam.

7. Experimental set-up and results
Both the meta-structure and the classic sandwich structure have been investigated by means of the experimental set-up shown in Fig. 11. The classical
sandwich structure, counterpart of the meta-structure, has been made of three
continuous layers. The middle layer was cut from the PIR foam of density
30 kg/m3 is of dimensions 1.2 m × 0.23 m × 0.03 m. The fibreboard facings had dimensions 1.2 m × 0.23 m × 0.002 m. The continuous core was
glued to the facings. The main purpose of these experimental studies was
to answer the question, which of these two structures shows greater flexural stiffness.

Fig. 11. Experimental set-up: 1 – sandwich structure, 2 – support of the structure, 3 – loading,
4 – mechanical indicator for measurement of deflections

Each of the structures was loaded by means of pieces of thick steel sheet
of equal mass m = 0.35 kg (equivalent to the weight of Q = 3.46 N) and the
maximum deflection in the middle of span L was measured by means of the
mechanical indicator – see Fig. 11. The loadings equal to nQ, n = 1÷6 – see
Figs 12-17, and the corresponding measurements for each length L were repeated 6 times in two series. Three measurements were done in each of the
series. In Figs. 12-17, maximum deflections of the structures are shown.

COMPARATIVE GEOMETRICAL AND EXPERIMENTAL STUDY ON A NEW SANDWICH...

445

Fig. 12. Measured maximum deflections (mm) of the structures for L = 1.0 m, L/H = 29.4, series 1

Fig. 13. Measured maximum deflections (mm) of the structures for L = 1.0 m, L/H = 29.4, series 2
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Fig. 14. Measured maximum deflections (mm) of the structures for L = 0.9 m, L/H = 26.5, series 1

Fig. 14
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Fig. 15. Measured maximum deflections (mm) of the structures for L = 0.9 m, L/H = 26.5, series 2

Fig. 16. Measured maximum deflections (mm) of the structures for L = 0.8 m, L/H = 23.5, series 1

Fig. 17. Measured maximum deflections (mm) of the structures for L = 0.8 m, L/H = 23.5, series 2
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It is seen in Figs 12-17 that the deflections of the sandwich meta-structure,
for the assumed loading, are lower than the deflections of the classic sandwich
structure. It means that flexural stiffness of the meta-structure is higher than
flexural stiffness of the classic structure. Moreover, the difference between the
deflections of the classic structure and the meta-structure, Ucm = Uc – Um, is
dependent on the span length L and increases with decreasing L. As expected,
deflections of the structures in Figs 12-17 are (approximately) proportional to
the loading.
In regards to the static response of the meta-structure, it is reasonable to
distinguish the overall and local responses. One may expect that the overall response of the meta structure is lower than, but spatially similar as the response
of the classic sandwich structure. Such an opinion is justified by the fact of
application, by different authors, of the same mathematical models for the
sandwich panels with corrugated core [13] and sandwich panels with continuous cores [26]. A similar approach, supporting the above opinion, is applied
in paper [27] devoted to vibration analysis of homogeneous plate which is
stiffened on one side by a homogeneous grate shown in Fig. 1. However, the
local responses of the meta-structure, in particular within the cells of dimensions (c – 2t)×(d – 2t) – see Fig.1 and local responses of its classic, three-layer
counterpart are expected to be different. It is because the facings of the meta-structure are not supported by the core within the rectangles (c – 2t)×(d – 2t),
as in the case of the classic, three-layer panel.

8. Conclusions
Geometrical analysis, by means of the parameters introduced in sections
2 and 4, shows that the new lattice core, composed of the three-layer bars,
is much less sensitive to impact than the continuous core. However, the grid
core is much more laborious to be made, and therefore more expensive (for its
higher thicknesses) than its continuous counterpart.
It has been shown that there is the possibility of making, out of available
materials, the lattice core consisting of three-layer bars with the weight not
higher than the weight of the continuous core.
The experimental results show that stiffness of the lattice core made of
the three-layer bars is higher than the stiffness of the continuous core. The
difference between the stiffnesses increases with the decrease of span of the
investigated structure.
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Porównawcze, geometryczne i doświadczalne badania nowej meta-struktury
sandwiczowej i jej klasycznego trójwarstwowego odpowiednika
Streszczenie
Celem tej pracy jest porównanie pewnych geometrycznych parametrów i ugięć nowej meta-struktury sandwiczowej i jej klasycznego, trójwarstwowego odpowiednika. Obie struktury są
skomponowane z tych samych materiałów i mają te same wymiary zewnętrzne oraz masy ale ich
warstwy środkowe (rdzenie) są różne. Rdzeń meta-struktury sandwiczowej jest sam nową strukturą
przestrzenną, składającą się z trójwarstwowych prętów. Rdzeń klasycznej struktury sandwiczowej
jest warstwą continuum. Aby uczynić to porównanie bardziej ogólnym i przekonującym wprowadzono i zastosowano trzy parametry geometryczne: stosunek powierzchni kontaktu, współczynnik międzywarstwowego przylegania i współczynnik wrażliwości udarowej. Ugięcia tych struktur,
swobodnie podpartych na krawędziach i obciążonych siłami statycznymi w środku przęsła, zostały
zmierzone i są prezentowane w tej pracy. Potencjalne korzyści nowej meta-struktury są krótko naszkicowane.

