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FRACTURE ANALYSIS OF SANDWICH BEAM
LOADED IN TORSION

Viktor Rizov*

Fracture behavior of foam core composite sandwich Split Cantilever Beam (SCB)
loaded in torsion was analyzed theoretically using the apparatus of linear-elastic frac-
ture mechanics. A loading method is proposed to create two transverse forces of
identical magnitude, which load the beam in torsion. In this way, mixed-mode II/III
crack loading conditions were induced. A three-dimensional finite element model was
developed for simulating the mechanical response of the sandwich SCB. The strain
energy release rate was used as a fracture characterizing parameter. The analysis
by virtual crack closure technique revealed that the strain energy release rate mode
components were distributed non-uniformly along the crack front through the width
of the sandwich SCB. The relation between the fracture behavior and the sandwich
core material was studied. For this purpose, three foam core composite sandwich
SCB configurations (with three different rigid cellular foams used as core material)
were simulated. It was found that the fracture behavior of the sandwich beam can
be improved by using foams with higher density as a core material.

Keywords : foam core sandwich beam, mixed-mode II/III crack, linear-elastic fracture
mechanics, strain energy release rate

1. Introduction

The increasing use of load-bearing sandwich structures is facilitated by a superior stiff-
ness and strength per weight in comparison with conventional metal structures [1, 2, 3, 4, 5].
The development and the design of sandwich structures require an extensive knowledge of
the mechanical properties of sandwich components (face sheet and core material). In partic-
ular, the attention of engineers and researches is focused on the core material, which is the
weakest and most critical constitutive. Rigid foams are commonly used as a core material
in sandwich structures. The load-bearing capacity of these structures is strongly influenced
by the strength and the reliability of the foam. For instance, the foam may contain vari-
ous defects as flaws and voids which act as stress concentrators. A crack usually initiates at
a stress concentration point in the foam material. The propagation of a crack can drastically
reduce the load-bearing capacity of the sandwich structure. Therefore, an understanding of
the fracture mechanisms is of significant relevance to practical engineering applications.

Studies on mechanical properties of rigid foams used as a core material in sandwich struc-
tures are well documented [6, 7, 8, 9]. However, relatively little work has been published on
fracture behavior of rigid foams. Ashby et al. have studied static fracture behavior of rigid
cellular foams [10]. Bažant et al. have investigated static fracture in closed-cell foam under
mode I crack loading conditions [11]. Farshad and Flüeler have used an anti-clastic plate
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bending test method for experimental characterization of mode III static fracture tough-
ness of rigid cellular foam materials [12]. Almost a pure mode III crack loading conditions
have been induced in the foam plate specimen using a special loading device. Prassad and
Carlsson have conducted an experimental and numerical investigation of debonding in foam
core sandwich structures under static loading [13, 14]. Double cantilever beam and shear
sandwich specimens have been used for experimental characterization of debonding frac-
ture behavior. Linear-elastic fracture mechanics concepts have been applied for analysis
of the test data. For this purpose, two-dimensional finite element models have been de-
veloped. Comparisons between the simulations and the experimental measurements have
been performed in order to verify the finite element models. A static delamination crack
along the face sheet/core interface in a foam core composite sandwich structure subjected
to transverse loading has been investigated by Goswami and Becker using the methods of
linear-elastic fracture mechanics [15]. Two-dimensional finite element simulations have been
carried-out. The influence has been evaluated of different structural parameters on the face
sheet/core delamination fracture behavior of the sandwich structure. Noble and Lilley have
applied the Paris’ law equation in order to characterize fatigue crack growth in rigid foam
material [16]. Yau and Mayer have studied environmental effects on the fatigue fracture
behavior of Polycarbonate foam material [17].

The aim of the present paper was to investigate theoretically the fracture in foam core
composite sandwich SCB loaded in torsion using the methods of linear-elastic fracture me-
chanics. It was expected that by loading the sandwich beam in torsion, mixed-mode II/III
crack loading conditions will be induced (the present paper was motivated by the fact that
no mixed-mode II/III fracture studies of sandwich beams were found in the literature). Frac-
ture behavior was studied in terms of the strain energy release rate using the virtual crack
closure techniques in conjunction with three- dimensional finite element simulations of the
sandwich SCB. The effect of the sandwich core material was evaluated.

2. Simulations of fracture behavior

The foam core composite sandwich SCB configuration analyzed in the present paper is
shown in Fig. 1. The sandwich construction consists of two composite face sheets with thick-

Fig.1: Sandwich SCB geometry, dimensions, and loading
(the beam is clamped in section A)
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ness of 2.5mm each adhesively bonded to a light-weight foam core with thickness of 50mm.
The overall dimensions of the sandwich SCB configuration are 55mm× 60mm× 500mm.
In the mid-plane of the beam, there is a longitudinal crack, a, with length of 300 mm. The
beam is clamped in section A. Two transverse forces of identical magnitude, F , are applied
to the crack arms at the free end of the beam in order to induce torsion moment, T = F b,
where b is the sandwich beam width (Fig. 1).

Fig.2: Loading method

A loading method is proposed here to create the two transverse forces (Fig. 2). The
method uses a special rig, BCDH, which is connected to the lower and the upper crack arms
in points B and D, respectively. The rig is loaded by a moment, M = P l, created by the
force, P , in a wire, which runs from the test machine through rollers as shown in Fig. 2.
Thus, the transverse force is F = P l/b.

The fracture behavior was studied theoretically applying the concepts of linear-elastic
fracture mechanics. For this purpose, a three-dimensional finite element model of the sand-
wich SCB was developed using the ANSYS program system. The geometry, the dimensions,
and the loading of the model corresponded to these shown in Fig. 1. Three-dimensional con-
tinuum brick finite element SOLID45 was used to mesh the model. This element is defined
by 8 nodes (one at each vertex) having three degrees of freedom per node (translation in the
nodal x, y, and z directions). A total of 4920 elements were used. The mesh was refined in
the crack front area to allow for a more accurate analysis of the strain energy release rate
mode components distribution. In order to prevent penetration of the crack surfaces, high
stiffness normal springs were incorporated between the crack surfaces in the finite element
model. It should be mentioned that before carrying out further simulations, a mesh sensi-
tivity study was performed with respect to the element number in order to ensure that the
mesh was fine enough to give reliable results. The mesh used in the finite element analysis
is depicted in Fig. 3. The deformed state of the model is displayed in Fig. 4.

The elastic properties of the composite face sheets used in the finite element simulations
of the sandwich SCB are summarized in Table 1. The effect of the core material on the
fracture in the sandwich beam was studied. For this purpose, it was presumed that the core is
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Fig.3: Finite element model of the sandwich SCB

Fig.4: Deformed shape of the model (the displacements are exaggerated for clarity)

made by three different rigid cellular foams (Divinycell H60, Divinycell H100, and Divinycell
H200), i.e., three sandwich SCB configurations were simulated. Divinycell polyvinylchloride
(PVC) foams are fully cross-linked rigid foams with closed-cell structure that are frequently
used as core material in sandwich structures. The manufacturing process of these foams
basically consists of mixing the chemical polymer components together and carrying-out the
thermal expansion of the polymer mass in hot water. In the finite element modeling the
foam core was regarded as a linear-elastic material (the corresponding elastic properties are
reported in Table 2).

Exx Eyy Ezz Gxy Gyz Gzx νxy νyz νzx

(GPa) (GPa) (GPa) (GPa) (GPa) (GPa)
45.000 12.000 12.000 4.500 4.500 4.400 0.3 0.3 0.3

Tab.1: Elastic properties of the composite face sheets used in the finite
element analysis of the sandwich SCB; the subscripts refer to
the axes x, y, and z of the coordinate system shown in Fig. 1

The strain energy release rate was evaluated by the virtual crack closure technique. By
this technique the strain energy release rate components associated with the three basic
nodes of crack growth can be calculated separately [18, 19, 20, 21, 22]. The main advantage
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E ν γ
(GPa) (kg/m3)

Divinycell H60 0.060 0.300 60
Divinycell H100 0.105 0.310 100
Divinycell H200 0.293 0.332 200

Tab.2: Elastic properties and densities of the rigid cellular foams used in the
finite element simulations of the foam core composite sandwich SCB

Fig.5: Schematic of the crack front in the vicinity of node i with nodal notations

of the virtual crack closure technique is that it requires only one analysis by the finite element
model of the sandwich SCB for the actual crack length. The nodal forces at the crack front
and the nodal displacements behind the crack front determined by the finite element solution
are needed to compute the strain energy release rate mode components. The nodal notations
at the crack front are shown in Fig. 5. The virtual crack closure technique assumes that the
work done to closure the crack by one element is equal to the strain energy released when
the crack grows by one element length. Thus, at node i in Fig. 5 the strain energy release
rate mode components can be approximated by

GI =
1

2 ΔaΔb
Zi (wj − wk) , (1)

GII =
1

2 ΔaΔb
Xi (uj − uk) , (2)

GIII =
1

2 ΔaΔb
Yi (vj − vk) , (3)

where X , Y , and Z are the nodal force components, and u, v, and w are the nodal displace-
ment components in the x, y, and z directions, respectively. The subscripts in Eqs. (1)–(3)
denote the corresponding nodes in Fig. 5.

Although the virtual crack closure technique is widely used, it is an approximate method
for calculation of the strain energy release rate. Thus, the results obtained by Eqs. (1)–(3)
were verified by the crack closure technique, which is a direct method for computation of
the strain energy release rate. The application of the crack closure techniques requires two
analyses by the finite element model of the sandwich SCB. The first analysis, which is carried-
out just prior to crack growth, yields the nodal forces at the crack front. The crack advance
is simulated in the second analysis by releasing the crack front nodes. The second analysis
provides the corresponding nodal displacements needed to compute the strain energy release
rate mode components. The crack closure technique assumes that the nodal forces obtained
in the first analysis, are the forces needed to closure the crack. The work done during the
process of crack closure can be calculated by multiplying one half of the nodal forces with
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corresponding nodal displacements. The strain energy release rate mode components at
node i in Fig. 4 can be expressed as

GI =
1

2 ΔaΔb
Zi δwi , (4)

GII =
1

2 ΔaΔb
Xi δui , (5)

GIII =
1

2 ΔaΔb
Yi δvi , (6)

where δu, δv, and δw are the differences in the nodal displacement components.

The strain energy release rate mode components in the sandwich SCB loaded in torsion
were calculated using both techniques. The difference between the results obtained by
Eqs. (1)–(3) and Eqs. (4)–(6) was within 2%, which was an indication for the good accuracy
of the analysis.

The strain energy release rate mode components distribution along the crack front was
investigated by applying Eqs. (1)–(3) for each node at the crack front. The average values
of the strain energy release rate mode components along the crack front were calculated as

Ga
I =

1
b

b∫
0

GI(y) dy , (7)

Ga
II =

1
b

b∫
0

GII(y) dy , (8)

Ga
III =

1
b

b∫
0

GIII(y) dy , (9)

where b is the sandwich beam width, GI, GII, and GIII are the strain energy release rate
distributions along the crack front computed by Eqs. (1)–(3). The average value of the total
strain energy release rate was obtained as

Ga = Ga
I +Ga

II +Ga
III . (10)

Fig.6: Distribution of the normalized strain energy release rate mode components
along the crack front in the sandwich SCB with foam core made of : (a) Di-
vinycell H60, (b) Divinycell H100, and (c) Divinycell H200. Only half the crack
front is plotted, because the distribution is symmetrical about the crack front
centre. The horizontal axis is defined such that y/b = 0.0 is at the sandwich
beam edge; thus, y/b = 0.5 is at the crack front centre
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The distribution of the normalized strain energy release rate mode components along
the crack front in the sandwich SCB with different foam core is illustrated in Fig. 6 (the
normalization is performed using the formula GN

i = Gi b/F , where b is the width of the
sandwich beam cross-section, F is the load, and i = II and III). As expected, the strain
energy release rate distribution is non-uniform. Since the distribution is symmetric with
respect to the crack front center, only half of the crack front is plotted. Figure 6 indicates
strong edge effects. The mode III component has maximum at the crack front centre and
quickly decreases in the zones near the edges of the beam. The mode II component of the
strain energy release rate is zero at the crack front centre. The absolute maximum of the
mode II component is at one quarter of the beam width. In the zones close to the beam
edges, the mode II component quickly decreases (Fig. 6). The computations yielded no
mode I component of the stain energy release rate. The diagrams in Fig. 6 indicate that the
fracture is mode III dominated. The mixed-mode ratios of the average values of the strain
energy release rate mode components along the crack front, calculated by formulae (7)–(10),
are Ga

II/G
a = 0.124 and Ga

III/G
a = 0.876 (the integrals were solved numerically).

One can see in Fig. 7 that the strain energy release rate decreases when the foam modulus
of elasticity increases. Having in mind that the modulus of elasticity increases with increase
of the foam density (Table 2), it can be summarized that the strain energy release rate
decreases when the foam density increases.

3. Conclusions

A theoretical investigation of the mixed-mode II/III fracture in foam core composite
sandwich SCB configuration loaded in torsion was performed. A loading method was pro-
posed to create two transverse forces of identical magnitude, which applied on the crack
arms, load the sandwich beam in torsion. In this way, mixed-mode II/III crack loading
conditions were generated. The study was performed using the concepts of linear-elastic
fracture mechanics. The fracture behavior was analyzed in terms of the strain energy re-
lease rate. In this relation, a three-dimensional finite element model of the sandwich SCB
was developed using the ANSYS software. The strain energy release rate mode components
distribution along the crack front was simulated by the virtual crack closure technique. The
results obtained were conformed by the crack closure technique. The simulations revealed
that the strain energy release rate mode components were distributed non-uniformly along
the crack front. It was found that the mode III component has maximum at the crack front
centre and progressively decreases towards the beam lateral edges. At the crack front centre,
the mode II component is zero. The absolute maximum of the mode II component is at one
quarter of the beam width. In the zones close to the beam lateral edges, the mode II com-
ponent quickly decreases. No mode I component of the stain energy release rate was yielded
by the analysis. The mixed-mode ratios of the average values of the strain energy release
rate mode components along the crack front were Ga

II/G
a = 0.124 and Ga

III/G
a = 0.876,

i.e. the fracture was mode III dominated. The effect of the sandwich core material on the
fracture behavior was evaluated. For this purpose, it was presumed that the sandwich core
was made by three different rigid cellular foams. The simulations revealed that the stain
energy release rate decreases when the foam density increases. Thus, the mixed-mode II/III
fracture performance of the sandwich beams can be significantly improved by using foams
with higher density as core material.
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