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This paper presents a study on the stresses caused by transverse shear force on corrugated laminates that
complements existing work having addressed stresses caused by bending moment. It recalls recent theory for
simulating transverse-force eﬀects, provides fundamental insights on the peculiar eﬀects of corrugation on shear
stress distributions, and illuminates the eﬀects of geometric parameters and laminate design on inter- and intralaminar shear-stress distributions. At the end, a critical distance between clamping and transverse-force introduction is identiﬁed at which the internal bending moment and the transverse force compete in providing
failure conditions.

1. Introduction
One of the several advantages of composite materials is the ability
to tailor the resulting structural behavior by exploiting the anisotropy.
Corrugated laminates enable further increase of the design space since
the anisotropy of the material itself is complemented by the one
stemming from the characteristic geometry. The resulting structures
can exhibit an extreme degree of anisotropy, which is why corrugated
laminates have been proposed as candidate materials for morphing
wing concepts [1]. The reason for this lies in their high bending stiﬀness
about and their high compliance in the direction of corrugation. The
idea of implementing corrugated structures in morphing wings has renewed the interest of researchers in investigating their properties. A
review of corrugated laminates publications with focus on morphing
wing skins is given by Dayyani et al. [2] and Airoldi et al. [3].
1.1. Homogenization models
The high computational eﬀort to evaluate the mechanical response
of corrugated laminates can be reduced by introducing homogenization
models, which capture the behavior of the structure in an equivalent,
less costly model. Often this goes hand in hand with the deﬁnition of a
unit cell as a representative part of the whole structure. The following
gives a short overview over selected homogenization models:
Published in 1986, Briassoulis [4] analyzed the extensional and
ﬂexural rigidities of corrugated metal sheets. He identiﬁed discrepancies between analytical formulae based on thin shell theory and

⁎

the results of his ﬁnite element routine, which led him to derive improved analytical expressions using Castigliano’s second theorem. Similar to that, Bartolozzi et al. [5] investigated equivalent material
parameters of a sinusoidally corrugated aluminum sandwich core using
both an analytical and numerical approach.
Several decades before that McFarland [6] had derived expressions
for the equivalent rigidities of trapezoidally corrugated sheets which he
then used for characterizing the buckling behavior of the said plates.
Complementing investigations were carried out by Samanta and Mukhopadhyay [7] which also included the consideration of geometric
nonlinearitites in their studies. Mohammadi et al. [8] proposed an
analytical model for deriving homogenized rigidities of trapezoidal
corrugated sheets.
The analytical model presented by Ye et al. [9] uses the variational
asymptotic method for deriving equivalent plate stiﬀness values. Due to
its general theory, it is also suitable for the case of non-symmetric
corrugation shapes, thus enabling to calculate the resulting coupling
eﬀects.
A model for deriving substitute properties of thin-walled, circularly
corrugated laminates was proposed by Kress and Winkler [10] in 2009.
The analytical model is based on the assumption of thin laminates and
considers 6 load cases for deriving the corresponding entries of the
substitute stiﬀness matrix. The same authors used an analogous approach in their ﬁnite element program [11]. Being based on the idea of
generalized plane strain, this enabled to use an eﬃcient planar mesh
only. The model is suitable for any planar cross section, thus overcoming any limits imposed by geometry (corrugation shape, thickness)
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By further elaborating the idea of a laminate subjected to shear
loading induced by a transverse force, the following displacement ﬁeld
can be proposed:

or laminate lay-up.
An analytical homogenization model for corrugated laminates was
also presented by Xia et al. [12]. It has no restrictions regarding the
shape of the corrugation, however, it is limited to laminates where the
base sheet is composed of a cross-ply laminate.

u (x , y, z ) = u (̂ x , z ) + X 0 (y, z ) + (x − b) X1(y, z )

u(̂ x , z ) are the macro deformation modes pertinent to the given load
′ and can be derived
case. They depend on the curvature gradient κ xx
using plate theory or by imposing restrictions on the compatibility
equations.
X 0 (y, z ) denotes the warping functions induced by the shear force.
They are needed in order to satisfy the natural boundary conditions
(stress-free boundaries).
Contributions stemming from lateral contraction eﬀects are summarized in X1(y, z ) . They are connected to the bending curvature and
therefore show a linear dependency on the out-of-plane coordinate x.
By applying the principle of virtual displacements and performing
integration by parts the weak variational form of the equation above
can be found:

1.2. Corrugated laminates and transverse shear
The need to include eﬀects of transverse shear when considering the
structural response of corrugated laminates was ﬁrst formulated by
Thurnherr et al. [13], which led them to develop a simpliﬁed model for
estimating the substitute shear stiﬀness values of corrugated laminates.
The reason for considering shear eﬀects lies in the placement of a large
portion of the material away from the neutral plane, which is also the
reason that shear deformations are usually taken into account in
sandwich theory [14].
Previous studies of the transverse shear behavior of corrugated
structures [8,5] have been limited to cases where the base sheet consisted of isotropic materials. In order to obtain more accurate results for
the behavior of corrugated laminates under transverse shear loading,
including the corresponding stiﬀness value, Filipovic and Kress [15]
have developed a numerically eﬃcient ﬁnite element model which
isolates shear from bending eﬀects and therefore requires a planar mesh
only. Since it is used in the scope of this paper it is summarized and
further commented on in Section 2.

T
¯
∫Ω [δ XT0 LT ][CLX
0 ] dΩ = ∫ δ X 0 [∇σ ]̂ dΩ.
Ω

(3)

The matrix L is a linear operator relating strains to displacement
¯ is the material stiﬀness matrix used for calculating
ﬁeld derivatives, C̄
the stresses from the strains. ∇σ ̂ is the stress residuum left by the prescribed strains; it is deﬁned as follows:

⎧ C¯11 ⎫
¯ ε ̂ = ⎪C¯ ⎪ (zκ ′̂ ).
∇σ ̂ = LT C̄
⎨ 61⎬ xx
⎪ C¯51 ⎪
⎩ ⎭

1.3. Present paper
The behavior of composite plates under transverse shear loading has
been the subject of several theories proposed during the last decades,
e.g. the one presented by [16]. An overview of existing publications is
provided in the review paper by Sayyad and Ghugal [17]. Research in
this direction has been triggered by the desire to overcome the limits
imposed by the classical theory of laminated plates, which does not
consider any transverse shear eﬀects.
To the authors’ best knowledge a systematic documentation of the
shear responses of corrugated laminates has not been presented so far.
Furthermore, transverse shear loading has shown to cause concentrated
interlaminar stress peaks in corrugated laminates [15] which should be
investigated further in order to quantify the risk of delamination.
After recalling the model theory in Section 2 and some basic insights
in Section 3, a parameter study is presented in Section 4. It includes the
shear response of various orthotropic corrugated laminates with different geometric properties. A special focus is laid on the occurrence of
interlaminar stress peaks. In Section 5 the eﬀects of the shear stresses on
strength and thus the design space are quantiﬁed. The resulting conclusions are presented in Section 6, which also includes an outlook on
future work.

(4)

Note that in Eqs. (3) and (4) several bending-related contributions
have dropped out, which is consistent with the assumption of considering a cross-section subjected to shear deformation only [15].
The ﬁnite element system of equations follows from introducing a
discretization for the warping displacement ﬁeld

X 0 = ΦT u ̃

δ X T0 = δ uT̃ Φ,

(5)

whereas Φ contains the element shape functions and u ̃ are the discrete
nodal point displacements. Plugging in the discretization into the weak
variational form yields the system of equations:
Nel

K=

∑ ∫Ω

¯ dΩ; r =
BT CB

1

Nel

∑ ∫Ω

Φ∇σ ̂ dΩ.

1

(6)

The matrix B results from applying the linear operator L to the
shape function matrix Φ . Note that the displacement ﬁeld X 0 does not
depend on the out-of-plane coordinate x. Therefore, all derivatives with
respect to x can be omitted from the operator, resulting in the following
form:

0
0 ( ),z ( ),y ⎤
⎡0 0
0 ⎥.
LT = ⎢ 0 ( ),y 0 ( ),z 0
⎢
⎥
0
0
(
),
(
),
0
0
⎢
⎥
z
y
⎣
⎦

2. Model
2.1. Recall of model theory and derivation

(7)

This enables to use an eﬃcient planar mesh only, with each node
having three degrees of freedom.

For calculating shear stiﬀness values and evaluating stress distributions under transverse loading, the planar ﬁnite element model
presented in [15] has been used. It is derived using the assumption of a
linearly varying bending moment about the out-of-plane direction x,
which is equivalent to a linear variation in the bending curvature:

′ (x − b).
κ xx = κ xx

(2)

2.2. Implementation
The use of the theory described before is not limited to corrugated
laminates. However, in that case a unit-cell approach is followed, which
requires to apply periodicity boundary conditions at both ends of the
unit-cell. The unit cell is depicted in Fig. 1, which also shows the deﬁnition of the global ( x , y, z ) and local ( x , s, t ) coordinates. The exact
formulation and implementation of the periodicity boundary conditions
using the penalty method can be found in [11,15].
We use the 16-noded planar Lagrangian element illustrated in
Fig. 2, where each node contains three displacement-degrees-of-

(1)

This corresponds to the situation of a beam or plate loaded by a
transverse force located at distance x = b . Consequently the shear force
and the transverse shear stresses are identical in every cross section.
Note that in the vicinity of x = b the plate endures shear deformation
only, since the bending moment and the corresponding bending curvature vanish.
2
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Fig. 1. Corrugated laminate unit cell with global and local coordinates and
geometric parameters P and c.

Fig. 3. Shear stress components τxs and τxt for the [04] laminate with

c
P

= 0.5.

Positive stresses are depicted in yellow-red, negative values in cyan-blue and no
stresses in white. The results were produced in a commercial ﬁnite element
program [18] by subjecting a corrugated plate to shear loading and then
evaluating a selected cross section.

between the clamping and the transverse loading of the plate. As elaborated before, this is not an option due to the occurrence of boundary
eﬀects.
An alternative is to obtain the transverse shear stiﬀness by working
with the corresponding shear deformation energy per cross-sectional
area. The drawback of this approach is that the stress results at the
element integration points are usually not accessible in commercial ﬁnite element programs. The required speciﬁc deformation energy can
thus only be calculated by approximating the integral over the exact
distribution as a sum over the mean contributions of every element. In
order to minimize the resulting approximation error, the in-plane element density needs to be suﬃciently large, which again increases the
computational eﬀort.
The preceding elaborations have shown that the computational effort for performing a parameter study on transverse shear eﬀects in
corrugated laminates using a commercial ﬁnite element program would
be tremendous. In comparison to that our unit cell model presented in
[15] uses a planar mesh only and allows to eﬃciently investigate the
warping behavior as well as calculate the shear stiﬀness in addition.

Fig. 2. 16 nodes cubic Lagrange element used in the model. The ﬁgure also
shows integration points (open squares) and Barlow points (open circles).
Source: [15].

freedom. The relatively complex element with cubic shape functions
was chosen since it is able to exactly map the cubic warping functions
appearing in the layers of ﬂat laminates, therefore only requiring one
element per layer (per material respectively) in thickness direction.
2.3. Planar formulation veriﬁcation and advantages
The presented model has been veriﬁed in [15] by comparing shear
stress distributions of plates with various lay-ups found in literature to
the results of the new model.
For the case of corrugated laminates, a commercial ﬁnite element
software [18] needs to be used for veriﬁcation. Fig. 3 shows a selection
of results for the [04] laminate produced in our veriﬁcation model.
Comparison to the observations elaborated in [15] and to the results
presented later in this paper show a very good agreement with our
planar model.
The state of shear loading can only be produced in a commercial
ﬁnite element routine by employing a volumetric model, which comes
at a high computational cost. For the results presented in Fig. 3 we have
clamped a corrugated plate consisting of three unit cells at one end and
loaded it with transverse forces at the other end. The cross section
evaluated for studying the shear stress distributions needs to be suﬃciently far away from the clamped boundaries in order to allow
clamping eﬀects to decay. This dictates a certain minimum extension
(with the resulting increase in calculation time) of the model.
In addition to that, the shear stiﬀness calculation is not straightforward in commercial ﬁnite element softwares. Considerations using
the shear deformation usually fail, since the deformation behavior is
often dominated by the resulting bending displacements. This is also
the reason why shear warping is hardly detectable. Minimizing the
inﬂuence of bending deformation would require to reduce the distance

3. Fundamentals of shear stress distributions in curved
orthotropic laminates
For the examples in this and the following sections, the unidirectional carbon epoxy composite material with the following properties is
used:
The eﬀect of the existence of an amplitude on the shear stress distribution in a [04] laminate with constant characteristic length P = 100 ,
corrugation amplitude c = 30 and unchanged thickness t = 10 is shown
qualitatively in Fig. 4 by examining the resulting shear stress distributions τxy and τxt .
Plot 4a) shows the shear stress distribution τxy in a moderately thick
curved laminate with a corrugation half amplitude of c = 30 . The occurrence of this stress component is a result of the corrugation and can
be explained by the equilibrium condition:

σxx ,x + τyx ,y + τzx ,z = 0.

(8)

σxx ,x is coupled to the acting bending moment, therefore it is linear
3
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Table 1
Unidirectional GY-70 carbon composite elastic constants, in MPa. Source:
former Dornier System GmbH.
E1

E2

ν12

G12

G23

290,000

5000

0.41

5000

2083

Table 2
Investigated combinations in the parameter study.
Laminates

[04]
[0/90]s
[90/0]s
P = 100 mm
t1 = 10 mm, t2 = 5 mm

Periodic length
Thickness
(dimensionless)

(

Corrugation amplitudes
(dimensionless)

t1
P

= 0.1,

t2
P

= 0.05 )

0 < c < 70
(0 <

c
P

< 0.7 )

geometry and lay-up.
4. Parameter study

Fig. 4. Shear stress components τxy and τxt for [04] laminate with
t
P

′ =
= 0.1. As load input parameter κ xx

5·10−7

c
P

As noted before, we will again use the material described in Table 1
for the examples in the parameter study. We will investigate three
diﬀerent types of laminates with varying geometric parameters. An
overview is given in Table 2:
Normalizing the thickness and corrugation amplitude values with
respect to the periodic length enables to derive dimensionless parameters which can be used in order to present the results in a more
general form. The number of elements along the s-coordinate, which
has shown to have a relevant inﬂuence on convergence [15], was kept
close to a value of 0.24 − 0.255 elements per unit length.
In order to be able to quickly compare stress distributions for different laminate and geometric conﬁgurations a suitable measure is
needed. From a design point of view a stress distribution which is as
even as possible is desired. Borrowing concepts from statistics, one can
deﬁne a variance, which captures deviations from the stress mean
value:

= 0.3 and

was selected. Positive stresses are

depicted in yellow-red, negative values in cyan-blue and no stresses in white.

with respect to z and vanishes at the neutral axis z = 0 . The gradient
τzx ,z is already present in ﬂat laminates where it equilibrates the
bending stress gradient. However, in case of corrugations, τzx ,z may be
zero in locations where the bending stress gradient does not vanish.
Therefore τyx ,y is needed for maintaining equilibrium [15].
Plot 4b) shows the shear stress distribution τxt of the local coordinate system. The natural boundary conditions are satisﬁed since the
P
surfaces of the laminate are stress-free. In the vicinities of y = 4 and

y=

3P
4

the stress distribution is equivalent to the case of a plate. The
P

Vz =

shear stress peaks at y = 0, y = 2 and y = P are a result of the transformation of the stress component τxy , which is present in the laminate
as soon as there is a corrugation amplitude. Fig. 5.
Note that the intensity of the resulting stress peak is very high in
case of laminates with large corrugation amplitudes. High interlaminar
stress values should be avoided since they can cause delamination; it is
therefore worthwhile investigating how they are inﬂuenced by

∫ (τxt − τ¯xt )2dA
.
∫ dA

(9)

Where the mean stress value is deﬁned as follows:

τ¯xt =

∫ τxt dA
∫ dA

(10)

′ . In
Note that both (9) and (10) depend on the load information κ xx
order to obtain a load-independent and thus dimensionless parameter,
the following characteristic coeﬃcient is deﬁned:
Fc =

Vz
(11)

τ̄xt

Eqs. (9)–(11) can be easily implemented in the post processing
routine of the aforementioned FE program.
4.1. Laminate [04]
The results of the local shear stress distributions for two selected
amplitudes are shown in Figs. 6 and 7. They enable to make the following observations:

• The intensity of the shear stress component τ is about one order of
magnitude higher than of τ .
• In case of the higher corrugation amplitude, the stress peak at the
xs

xt

Fig. 5. Illustration of the intensity of an interlaminar stress peak: component τxt
P
at y = 2 , identical case as in Fig. 4b.
4
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Fig. 8. Evolution of the normalized shear-stress component τxt along the midt
plane of the laminate, P = 0.1, laminate [04].

neutral axis clearly dominates the τxt stress distribution whereas this
observation can not be made in case of the smaller amplitude.
The latter can also be seen in Fig. 8 where the evolution of the
normalized shear stress component τxt increasing corrugation amplitude
is depicted. For the given plot, the values of τxt along the midplane are
required, which can be easily obtained by modeling the two inner laminate layers with only one element in thickness direction and then
evaluating the middle Barlow points.
For investigating the inﬂuence of changes in laminate thickness, the
behavior of the parameter Fc is investigated.
For the case of the ﬂat plate, the value of Fc is identical for both
thickness values. This is due to the formulation of Eq. (11) as a dimensionless and load-independent measure of the stress distribution.
Increasing the amplitude c and thus leaving the special case of the
ﬂat plate shows higher values of Fc for the thinner laminate, as shown in
Fig. 9. Reducing the laminate thickness therefore yields a more uneven
distribution of the stress component τxt .

Fig. 6. Local shear-stress component τxt for the case of the [04] laminate. The
t
thickness is constant at P = 0.1 for both cases, whereas the amplitude is varied.
′ = 1·10−7 was selected.
As load input parameter, κ xx

4.2. Laminate [0 90]s
The local shear stress distributions for selected amplitudes are
shown in Figs. 10 and 11. Compared to the homogeneous [00°] laminate
signiﬁcant diﬀerences can be observed for the through-thickness stress
component τxt . Looking at Fig. 10b) one can observe that the diﬀerent
lay-up leads to a more complex stress distribution – including a change
in sign – at the outward parts of the laminate.
Common with the last case is the diﬀerence in one order of

Fig. 7. Local shear-stress component τxs for the case of the [04] laminate. The
t
thickness is constant at P = 0.1 for both cases, whereas the amplitude is varied.
′ = 1·10−7 was selected.
As load input parameter, κ xx

Fig. 9. Evolution of the Parameter Fc with increasing amplitude, laminate [04].
5
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Fig. 12. Evolution of the normalized shear stress component τxt along the
t
midplane of the laminate, P = 0.1, laminate [0/90]s .

magnitude of the τxs and τxt stress components as well as the increasing
intensity of the τxt stress peak for large amplitudes.
The normalized shear stress τxt along the midplane of the laminate is
τ̄xt
depicted in Fig. 12 for increasing amplitudes. Again the presence of the
interlaminar stress peaks at z = 0 is clearly visible.
Reducing the thickness of the laminate results in generally higher
values of the stress distribution parameter Fc , as shown in Fig. 13. In
contrast to the case of the homogeneous [04] laminate the increase of Fc
appears close to linear, whereas we have seen a clearly nonlinear development in Fig. 9.

Fig. 10. Local shear stress component τxt for the case of the [0/90]s laminate.
t
The thickness is constant at P = 0.1 for both cases, whereas the amplitude is
′ = 1·10−7 was selected.
varied. As load input parameter, κ xx

4.3. Laminate [90 0]s
Selected results for this laminate are shown in Figs. 14 and 15. The
evolution from the ﬂat plate to the stress distributions depicted below
once again shows a signiﬁcant inﬂuence of the corrugation amplitude
on the behavior of the structure under transverse shear loading. As in
the cases before, the intensity of the τxs stress component is about one
order of magnitude higher if compared to τxt .
The stress peak at the neutral axis of the stress component τxt , which
has shown to be characteristic for corrugated laminates, also shows a
sharp increase in case of the [90/0]s laminate, which can be seen in
Fig. 16.
The evolution of the stress distribution factor Fc with increasing
amplitude shows an almost linear behavior, which is displayed in
Fig. 17. Once again a reduction of the thickness yields higher values of
Fc , hence implying a more uneven stress distribution.

Fig. 11. Local shear stress component τxs for the case of the [0/90]s laminate.
t
The thickness is constant at P = 0.1 for both cases, whereas the amplitude is
′ = 1·10−7 was selected.
varied. As load input parameter, κ xx
Fig. 13. Evolution of the Parameter Fc with increasing amplitude, laminate
[0/90]s .
6
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Fig. 16. Evolution of the normalized shear stress component τxt along the
t
midplane of the laminate, P = 0.1, laminate [90/0]s .

Fig. 14. Local shear stress component τxt for the case of the [90/0]s laminate.
t
The thickness is constant at P = 0.1 for both cases, whereas the amplitude is
′ = 1·10−7 was selected.
varied. As load input parameter, κ xx

Fig. 17. Evolution of the Parameter Fc with increasing amplitude, laminate
[90/0]s .

4.4. Discussion of the results
In this parameter study we have investigated the inﬂuence of laminate layup, thickness and corrugation amplitude on the transverse
shear response of corrugated laminates.
We have observed that for all of the investigated laminates, an increase in the corrugation amplitude increases interlaminar stress peaks
at the neutral axis z = 0 . In case of the [04] and to some extent also the
[90/0]s laminate those peaks clearly dominate the distribution of the τxt
stress component for high corrugation amplitudes, while for the [0/90]s
laminate shear stresses in a similar order of magnitude are also present
in other regions of the laminate.
Note that the choice of working with the normalized values τxt and
τ̄xt
Fc was met in order to obtain load-independent parameters. However,
when comparing the results from the diﬀerent laminates it is important
to keep in mind the inﬂuence of the mean stress τ̄xt which has been used
as normalization value. As an example, the values displayed in Figs. 16
and 17 are signiﬁcantly higher than in the analogous plots for the other
laminates. This is not exclusively due to the intensity of the stress peaks
but to the acting mean stress τ̄xt also being lower in the given example.
Common for all cases is the observation that reducing the laminate
thickness leads to higher values of the factor Fc , i.e. a larger unevenness
in the stress distribution of τxt . We have observed an almost linear inﬂuence of the corrugation amplitude in case of the [0/90]s and [90/0]s
laminates, while the homogeneous [04] layup showed a nonlinear inﬂuence.
In case of a plate, the local shear stress component τxs corresponds to

Fig. 15. Local shear stress component τxs for the case of the [90/0]s laminate.
t
The thickness is constant at P = 0.1 for both cases, whereas the amplitude is
′ = 1·10−7 was selected.
varied. As load input parameter, κ xx

7
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the global τxy . The latter is generally zero in case of isotropic and orthotropic plates. However, when introducing a corrugation, we have
seen that the intensity of τxs grows quickly. For all the examples displayed in Figs. 7, 11 and 15 τxs has shown to be one order of magnitude
larger than τxt . It is hence the dominating shear stress component for
corrugated laminates subjected to transverse loading.
In practice, transverse shear loading always occurs in combination
with a bending moment. The latter induces normal stresses σx which
increase linearly with growing distance from the bending neutral plane
z = 0 . Their maximum can thus be found at the outermost regions of the
laminate. In contrast to that, both the shear stresses τxs and τxt have been
shown to have their extrema at the neutral plane - regardless of the
laminate lay-up -, which coincides well with the known rule of thumb
that transverse shear stresses peak where bending stresses vanish.

Table 3
Unidirectional GY-70 carbon composite strength values, in MPa. Source: former
Dornier System GmbH.
Xt

Xc

Yt

Yc

SL

750

700

40

130

70

transverse force at the other end. This will result in a linear curvature
distribution. Eq. (1) shows that the maximum curvature and thus the
largest bending moment in the given situation occurs at the clamping:

′ b
κmax = κ xx (x = 0) = −κ xx

(12)

Essentially, Eq. (12) shows nothing else than the fact that a moment
is always produced by a force attacking at a speciﬁc distance. Diﬀerent
′ and b may produce the same curvature κmax . The
combinations of κ xx
only diﬀerence is the intensity of the resulting shear force, since it is
inversely proportional to the length b.
Reformulating Eq. (12) enables to deﬁne the distance b as the
′ , and the exquotient of the curvature distribution, represented by κ xx
treme value κmax :

5. Inﬂuence of shear stresses on design space
After having investigated the inﬂuence of geometry and laminate
lay-up on the shear stress distribution, we would like to assess whether
and how the latter may inﬂuence (and thus limit) the design space of
corrugated laminates in terms of strength considerations.
This is achieved by investigating the resulting stresses in [04] laminates as a representative example. The relevant stress components are
shown in Fig. 18.
Once again we use the material characterized in Table 1. Additionally, we need the corresponding strength values which are as
follows:
The subscripts t and c in the values in Table 3 refer to tensile resp.
compressive strength limits. Xi denotes strength in the direction along,
Yi the direction transverse to the ﬁbers whereas SL corresponds to the
shear strength limit.
For the sake of simplicity, we use the non-conservative criteria of
maximum stress for identifying trends in the failure behavior where a
transverse force competes with bending moment. This enables to derive
rough estimates and trends with only moderate complexity. For the
same reason we will also refrain from using safety factors, which would
be imperative in case of a speciﬁc design task.

b=−

κmax
′
κ xx

(13)

We are interested in investigating the inﬂuence of shear stresses on
strength and putting them into relation to the eﬀects stemming from
bending. It is now possible to deﬁne a critical value of the distance bkrit ,
in which the material is loaded to its limits both regarding the bending
and the shear loading: Fig. 19.

• The

maximum curvature κmax relates to the maximum bending
moment in the corrugated laminate, thus having an inﬂuence on the
maximum bending stress σx . In case of the [04] laminate, the respective component is therefore limited by the strength in ﬁber direction Xt resp Xc . Since the compressive value Xc is lower, κ maxkrit
corresponds to the loading where the following relation holds:

σxmax = Xc ·

(14)

• The load parameter κ ′

xx is proportional to the total applied transverse force. It therefore inﬂuences the maximum occurring values of
τxt and τxs . Their upper limit is given by the value SL . It is therefore
′ krit which deﬁnes the state where the
possible to derive a value κ xx
relation

5.1. Modeling aspects
As in Section 2 we assume the corrugated laminate to be clamped at
one end, without suppressing warping there, and loaded with a

τ xtmax = SL

(15)

or

τ xsmax = SL
is valid.

Fig. 18. Corrugated laminate segment with local stresses pertinent to the given
load case.

′ krit and bkrit .
Fig. 19. Illustration of the relation between κ maxkrit , κ xx
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This has been achieved by performing a parameter study in which
the resulting shear stress distributions of three diﬀerent laminates were
investigated. For each lay-up a variety of geometric conﬁgurations, i.e.
thickness and amplitude, was analyzed. Within the study the resulting
shear stress distributions in laminates with varying amplitudes were
documented, thus complementing the already intensively researched
results for composite plates. Furthermore, a special focus was laid on
the interlaminar stress component τxt , which shows signiﬁcant stress
peaks in case of laminates with high corrugation amplitude. For all layups, those peaks have shown to increase in intensity with growing
corrugation amplitude. Similarly, it has been observed that reducing
the laminate thickness increases the unevenness of the stress distribution.
However, we have also found that the intensity of the interlaminar
stress component τxt is in most cases signiﬁcantly below the intralaminar counterpart τxs . The latter does not exist in orthotropic ﬂat
plates but grows quickly with increasing corrugation amplitude.
In order to quantify the inﬂuence of the resulting shear stresses on
the design space a small study has been performed in which the UD
longitudinal laminate was used as a representative example. By identifying conﬁgurations where the shear strength of the material is exceeded before the tensile resp. compressive strength, a measure has
been found to investigate the limits imposed by shear failure. The study
has shown that for the investigated lay-up this problem remains restricted to laminates where the total length is only 6–7 times the length
of the unit cell, even in the extreme case of a very high corrugation
amplitude.
We can therefore conclude that, with regards to the resulting stress
distribution and strength considerations, shear eﬀects only have a
minor impact on the design space of corrugated laminates. However,
the inﬂuence of shear deformation has still yet to be investigated, which
will be the subject of future studies. Furthermore, the investigations in
this paper have been restricted to orthotropic laminates. The numerical
model used for the given parameter study allows to extend our analyses
to unsymmetrical and and/or unbalanced laminates. This would allow
to study coupling eﬀects in corrugated laminates subjected to shear
loading.

Fig. 20. Evolution of the critical length bkrit with increasing corrugation amplitude.

Hence bkrit is deﬁned as follows:

bkrit = −

κ maxkrit
′ krit
κ xx

(17)

whereas either condition (15) or (16) can be evaluated for obtaining the
critical curvature gradient.
Assuming a state where the laminate is loaded to its limit regarding
bending, bkrit deﬁnes the critical length with regard to shear failure. If b
is chosen smaller, a larger shear force is needed to produce the critical
bending moment causing the shear stresses to exceed the limit SL .
5.2. Results
The inﬂuence of the corrugation amplitude on the normalized
parameter bkrit (calculated both with respect to τxs and τxt ) is shown in
P
Fig. 20. It can be clearly seen that the intralaminar τxs represents the
limiting stress component, which is a result of its increasing intensity
with growing corrugation amplitude (see also Section 4).
5.3. Discussion
The goal of this short study has been to quantify the inﬂuence of
shear stresses on the design space for strength. Fig. 20 shows that the
c
eﬀects are relatively limited: in case of the largest amplitude P = 0.75
the shear strength limit is only exceeded if the total laminate length is
smaller than 6–7 times the unit cell length. For smaller amplitudes the
shear stresses are even less relevant.
However, it has to be kept in mind that considerations on strength
are only one factor which motivates to investigate shear eﬀects. The
preceding study has not taken into account any inﬂuences of shear
deformation on structural displacement. The latter are expected to have
a relevant contribution in case of laminates with high corrugation
amplitudes, thus imposing constraints on the design space.
As Fig. 20 highlights, the intralaminar stress component τxs usually
represents the limiting stress regarding the shear strength of a corrugated laminate, whereas in ﬂat plates the interlaminar component τxt is
critical. The transition from ﬂat to corrugated laminates thus brings a
change of the critical stress component.
Note that for the sake of simplicity the preceding observations have
been derived using the example of the [04] laminate, which is characterized by a low shear stiﬀness. A lay-up with higher shear stiﬀness
(e.g. [± 45]s ) is expected to have a relevant inﬂuence on the strength
considerations.
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