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 summarized in Table 11.3. Comparison with δ = 12PL3
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(11.18)

Note that, except for the bending-to-shear balancing term (d/L)2, the
equivalent property is scale-independent (as a material property should be);
the only variable is the relative thickness of faces and core, f. The bending
stiffness (EI) is recovered by forming the eEeI where eI is the second moment of
a homogeneous panel (eI = bd3/12).

Equivalent flexural strength Sandwich panels can fail in many different
ways (Figure 11.15). The failure mechanisms compete, meaning that the
one at the lowest load dominates. We calculate an equivalent flexural strength
for each mode, then seek the lowest.

Table 11.3 Constants to Describe Modes of Loading

Mode of Loading Description B1 B2 B3 B4

L

F
t

Cantilever, end load 3 1 1 1

F
Cantilever, uniformly distributed load 8 2 2 1

F

Three-point bend, central load 48 4 4 2

F

Three-point bend, uniformly distributed load 384/5 8 8 2

F
Ends built in, central load 192 4 8 2

F

Ends built in, uniformly distributed load 384 8 12 2
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ιδιότητες 
αντοχή 

 
Face yield The fully plastic moment of
the sandwich is

Μf =
b
4
fðd2 − c2Þ σf + c2σcg

Using the fact that c/d = (1− f), Equation
(11.15) gives the following equivalent
failure strength when face yielding is the
dominant failure mode:

eσflex 1 =
!
1− ð1− f Þ2

"
σf + ð1− f Þ2σc

(11.19)

which, again, is independent of scale.

Face buckling In flexure, one face of the
sandwich is in compression (Figure 11.16).
If it buckles, the sandwich fails. The face
stress at which this happens4 is

σb = 0:57 ðEf E2c Þ
1/3 (11.20)

Buckling is a problem only when faces are thin and the core offers little
support. The failure moment Mf is then well approximated by

Mf = 2 σb t b c = 1:14 ðEf E2c Þ
1/3 t b c

Which, via the previous Equation (9.2), gives

eσflex 2 = 1:14 f ðEf E2c Þ
1/3 (11.21)

Core shear Failure by core shear (Figure 11.17)
occurs at the load

Pf = B4bc ðτc + t2

cL
σf Þ

L

d

Ef

Ec

FIGURE 11.16
Face buckling.

4 Derivations of this and the other equations cited here can be found in Ashby et al. (2000) and
Gibson and Ashby (1997) in “Further reading” at the end of this chapter.
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FIGURE 11.15
Failure modes of sandwich panels in flexure.
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Απόδοση δομών σάντουϊτς σε κάμψη 

 

Strength (Figure 11.19) is handled in a similar way, but here there is the
problem of competing mechanisms. We take the equivalent failure strength
to be the least of eσflex1, eσflex2, and eσflex3 (Equations (11.19), (11.21), and
(11.22)), thereby properly accounting for the competition between them. For
the conditions chosen here, face buckling dominates for f < 0.025; face yield
dominates from f = 0.025 to f = 0.1, when a switch to core shear takes
place. The envelope shows the achievable strength of CFRP–foam sandwich
structures, and allows direct comparison with monolithic materials. Contours
show the index for light strong structures:

M6 =
σ1/2f

ρ

which measures material efficiency when flexural strength is the main require-
ment. The optimum lies just below f = 0.1, at which the panel is 2.0 times
lighter than a solid CFRP panel of the same strength (or 2.02 = 4.0 times
stronger for the same mass).
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FIGURE 11.18
The equivalent modulus and density of a CFRP-foam sandwich are compared with those of
monolithic materials. The contours of the index E1/3/ρ allow optimization of the proportions of the
sandwich.
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Indentation was not included in this competition because it is a local
mechanism—it depends on the area of contact (or of impact) with the
indenter, often an event for which the panel was not primarily designed.
Protection is possible by estimating a “worst case” for the indentation load
and area and calculating the value t/d required to withstand it. This is done
using Equation (11.23) to calculate a lower safe limit for t/d, which is then
applied as a constraint to the trajectory.

Table 11.4 Data for Face and Core of Sandwich

Face and Core Material
Density
ρ (kg/m3)

Modulus
E (GPa)

Strength
σf (MPa)

Carbon-epoxy quasi-isotropic weave 1570 46 550
Polymethacrylimide high-performance foam 200 0.255 6.8
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FIGURE 11.19
The equivalent strength and density of a CFRP-foam sandwich are compared with those of monolithic
materials. The envelope shows the least strong of the competing failure modes. The contours of the
index σ1/2/ρ allow optimization of the proportions of the sandwich. Indentation is included by imposing
a minimum on the thickness ratio 2t/d.
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Κυτταρικές δομές 
κενά στα διαγράμματα ιδιοτήτων 

πλέγμα PE ρ/ρs = 
0.16, Ε = 0.05 GPa 

αφρός PE ρ/ρs = 
0.16, Ε = 0.024 GPa 



Τμηματικές δομές 
η επί μέρους διαίρεση ως σχεδιαστική παράμετρος 


