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On the specimen for interfacial fracture toughness evaluation of
foam-core sandwich structures

Tomohiro Yokozeki*

Department of Aeronautics and Astronautics, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo
113-8656, Japan

(Received 27 July 2012; accepted 24 September 2012)

Foam-core sandwich specimens for interfacial fracture toughness measurement are designed
based on the prediction method of steady-state crack location in foam-core sandwich beams
using the crack deflection model developed previously. This paper derives the necessary
condition that the face sheet debonding grows along the interface between the face sheet
and the core during the fracture toughness tests. The recommended specimen thickness
ratios for several testing methods are presented. Finally, the physical meaning of the
derived condition is explained, and the effect of residual thermal stresses on the condition
is discussed.

Keywords: foam-core sandwich; fracture toughness test; debonding; specimen design;
crack kinking

1. Introduction

Sandwich structures are attractive structural materials for use in aerospace structures because
of their high performance (e.g. bending stiffness). The application ratio of sandwich structures
to aircraft [1], maritime, and civil structures reveals a tendency toward their dramatically
increased use. However, sandwich structures are vulnerable to face sheet debonding, core
cracking, and delaminations inside the face sheet [2–4], which limits their application in large
transport aircraft to secondary structures such as fairings, ailerons, or cabin linings.
Crack-stopper elements are under development to prevent the face sheet debonding [5–7].
Debonding between the face sheet and the core needs to be well characterized for attaining a
comprehensive understanding of the damage tolerance behavior of sandwich structures.

To characterize the face/core debonding fracture toughness of sandwich strcutures, double
cantilever beam (DCB) [8,9], single cantilever beam (SCB) [10,11], tilted sandwich debond
(TSD) [12,13], and mixed mode bending (MMB) [14] tests have been proposed (see Figure 1).
The SCB tests or TSD tests are recommended as a standard test in Ref. [11]. In order to
develop the standard test method, it is necessary to investigate effects of the specimen geome-
try, testing procedure, etc. and to define the recommended method in the case of sandwich
beam specimens.

During fracture toughness tests of foam core sandwich beams, the possibility exists that
the crack propagates in a plane that is different from the original crack plane [9], as shown in
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Figure 1. Test methods for fracture toughness evaluation of sandwich structures: (a) DCB test, (b)
SCB test, (c) TSD test, and (d) MMB test.
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Figure 2. For example, the initial crack plane is set along the interface between a face sheet
and a core, but the crack might grow obliquely into the core or the face sheet when a load is
applied. The sandwich specimens often suffer from this crack kinking during the fracture
toughness tests. As the crack kinking behavior depends on the used materials, specimen
geometry, and loading conditions [15,16], it is useful if the specimen geometry, that is suit-
able for interfacial fracture toughness evaluation, is known prior to the tests. It might be nec-
essary to consider the testing method based on the prevention of face sheet failure during
loading, the effect of large deformation, how to calculate fracture toughness, and the effect of
compliance of the fixtures. In this study, we focus on the crack kinking behavior in foam core
sandwich beams, and derive the sizing of appropriate specimen geometry for interfacial frac-
ture toughness evaluation using the previous analytical model [15,16].

In the present paper, we explain the predictive method of steady-state crack location dur-
ing the fracture toughness tests of foam core sandwich specimens using the previous model
[16] with the comparison to available experimental results. Then, we derive the necessity con-
dition that the face sheet debonding grows along the interface between the face sheet and the
core during the fracture toughness tests. The recommended specimen geometry is shown for
several testing methods. Finally, the derived necessity conditions are discussed based on the
physical meanings. The effect of thermal stresses in sandwich specimens (in the case that
cured temperature is different from the operation temperature) on the necessary conditions is
also investigated.

2. Crack kinking model

2.1. Derivation of crack tip forces using a bi-layer beam model

Consider a sandwich beam with a crack as presented in Figure 3(a). Two sublaminates are
defined and the crack plane is regarded as the interface between the two sublaminates, see
Figure 3(b). Subscripts 1 and 2 denote the upper sublaminate and the lower sublaminate,
respectively. Each sublaminate is modeled as a Timoshenko beam. The local coordinates (xi
and zi) and the global coordinates (x) are defined in the manner presented in Figure 3(b),
where the origins of the local coordinates are located in the middle plane of each sublaminate.
Displacements in each sublaminate (U, W) of the bi-layer model, as presented in Figure 3(b),
are assumed to be expressed in terms of those at the middle surface of each sublaminate
(u, ϕ, w) in the following way.

Figure 2. Crack kinking in foam core sandwich structures.
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Uiðxi; ziÞ ¼ uiðxÞ þ zi/iðxÞ
Wiðxi; ziÞ ¼ wiðxÞ ð1Þ

where, subscript i denotes each sublaminate. The constitutive equations of each sublaminate
including initial strains are described as

Ni

Mi

� �
¼ Ai Bi

Bi Di

� �
ei
ji

� �
� NTi

MTi

� �
Qi ¼ jCici

; ð2Þ

where, N, M, and Q are the cross-sectional resultant extensional force, moment, and the shear
force, respectively. The first equation of Equation (2) can be expressed alternatively as

ei
ji

� �
¼ ai bi

bi di

� �
Ni

Mi

� �
þ aNi

aMi

� �
: ð3Þ

In these equations, the following relations hold.

ei ¼ dui
dx

; ji ¼ d/i

dx
; ci ¼ /i þ

dwi

dx
ð4Þ

Ai ¼ B
R
Eidzi; Bi ¼ B

R
Eizidzi; Di ¼ B

R
Eiz2i dzi; Ci ¼ B

R
Gidzi

NTi ¼ B
R
EiaiDTdzi; MTi ¼ B

R
EiaiDTzidzi

ð5Þ

Figure 3. Analytical bi-layer beam model for a cracked sandwich beam: (a) cracked sandwich beam
and (b) bi-layer beam model.
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ai ¼ Di

AiDi � B2
i

; bi ¼ �Bi

AiDi � B2
i

; di ¼ Ai

AiDi � B2
i

aNi ¼ DiNTi � BiMTi

AiDi � B2
i

; aMi ¼ AiMTi � BiNTi

AiDi � B2
i

ð6Þ

In these equations, B denotes the beam width, E represents the in-plane Young’s modulus,
G signifies the out-of-plane shear modulus, κ is the shear factor (5/6 is used for the rectangu-
lar cross section in this study), α stands for thermal expansion coefficient, and ΔT is the dif-
ference between the operating temperature and the stress-free temperature.

By considering the equilibrium equations and the displacement continuity in the intact
regions, the stress distributions in the sublaminates can be derived [15,16]. At the crack tip,
concentric shear and normal forces are expected to exist in this bi-layer shear-deformable
model, as presented in Figure 4, and the crack tip forces (Nc and Qc) can be expressed by
considering the force balance as

Nc ¼ 2ðMn� NgÞ
h1nþ 2g

Qc ¼ �Q� kðM þ h1
2NÞ

ð7Þ

where,

N ¼ N10 � N1P; Q ¼ Q10 � Q1P; M ¼ M10 �M1P ð8Þ

g ¼ a1 þ a2 � h1
2 b1 þ

h1
2
þ h2

� �
b2 þ h2ðh1 þ h2Þ

4
d2

n ¼ �b1 � b2 þ h1
2
d1 � h2

2
d2

ð9Þ

hold. The parameters of Equation (8) (e.g. N10, N1P) are given by overall loading conditions,
material properties, and geometries of the face sheet and the core, as discussed in Section 3.
The energy release rates associated with the crack growth can be expressed in terms of crack
tip forces [15,16] as

M10 

N10 

M20 

N20 

M2(0)

N2(0)

Q2(0)Q20 

Q10 

N1(0)

M1(0)
Q1(0)

Nc
Qc

Nc Qc
τxz

σz

τxz

σz

Figure 4. Crack tip forces.
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GI ¼ 1

2B
1

jC1
þ 1

jC2

� 	
Q2

c

GII ¼ 1

2B
gþ h1

2 n

 �

N 2
c

ð10Þ

2.2. Prediction of crack kinking angle

In the case of fracture toughness tests of foam core sandwich beams, the possibility exists that
the crack propagates in a plane with the angle of Ω from the original crack plane as shown
in Figure 2. The energy release rates derived in the previous section are utilized to predict the
crack kinking angle, Ω, in the following way. It is noted that it is necessary to analyze the
oscillatory stress fields in the case of dissimilar interface crack problem. In the present study,
the foam core is regarded as a homogeneous isotropic material, and it is assumed that the
present analysis is valid when the crack location, hcp, holds 0 � hcp � hc (hc is the core thick-
ness).

Stress intensity factors can be determined from the energy release rates using the equation
below.

KI ¼
ffiffiffiffiffiffiffiffiffiffi
EcGI

p ðQc[0Þ
� ffiffiffiffiffiffiffiffiffiffi

EcGI

p ðQc\0Þ
�

KII ¼
ffiffiffiffiffiffiffiffiffiffiffi
EcGII

p ðNc[0Þ
� ffiffiffiffiffiffiffiffiffiffiffi

EcGII

p ðNc\0Þ
� ð11Þ

Therein, Ec denotes the Young’s modulus of the foam core. Signs of the stress intensity
factors can be determined using Equation (11) considering the signs of crack tip forces corre-
sponding to the stress definition. The negative value of KI indicates the unrealistic penetration
of crack surfaces, but KI should be always positive without penetration.

Erdogan and Sih [17] demonstrated experimentally that cracks in homogeneous isotropic
materials tend to propagate in the plane free from shear stresses. This condition results in the
determination of the crack kink angle, Ω, as presented below.

X ¼ 2 tan�1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 8ðKII

KI
Þ2

q
� 1

4ðKII
KI
Þ

2
4

3
5 ð12Þ

In the present study, Equation (12) is used for the crack kinking angle of a cracked foam
core sandwich beam when the crack location is hcp from the upper interface between the face
sheet and the core. It should be noted that signs of crack kinking angle coincide with signs of
crack tip force Nc (see Equation (11)), because KI is always positive.

2.3. Steady-state crack location

In the previous study [16], the predictive method of crack kinking angle shown in the previ-
ous section was verified by comparing the predictions with the available experimental data of
foam core sandwich beams by Carlsson et al. [9]. If we plot the predicted crack kinking
angles as a function of crack location, hcp, the steady-state crack location can be predicted.

For example, crack kinking angles are predicted as a function of crack location in the
cases of I41 and I50 specimens in Ref. [9] as shown in Figure 5. Specimen I40 has the core
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thickness of 17.6mm, and initial crack location, hcp, is 8.1mm. In this case, the predicted
crack kinking angle is negative, see Figure 5. Therefore, it is expected that the crack kinks
upwards. When the crack plane moves upwards (i.e. when the crack location, hcp, decreases),
the predicted crack kinking angle remains negative. This means that the crack would continue
to kink upwards. However, when the crack location, hcp, is lower than about 1.5mm, the pre-
dicted crack kinking angle becomes positive. The crack tends to kink upwards when hcp is
larger than 1.5mm and kink downwards when hcp is lower than 1.5mm. Therefore, it is
expected that the steady-state crack location is 1.5mm in I41 specimen. In a similar way, I50
specimen in Ref. [9] is discussed. Specimen I50 has the core thickness of 17.3mm, and initial
crack location, hcp, is 16.9mm. The predicted crack kinking angles are negative irrespective
of crack location. This means that the crack kinks upwards to the upper interface. The face
sheet is fiber-reinforced plastic (FRP). There is neither failure in the FRP face sheet nor crack
penetration into face sheet. Therefore, the crack stably grows at the interface between the
upper face sheet and the core in I50 specimen.
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Figure 5. Predicted crack kink angle as a function of crack location: (a) I41 specimen and (b) I50
specimen.
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The predicted steady-state crack locations are compared with the available experimental
data in Ref. [9] as shown in Table 1. Fairly good agreement between the predictions and
experimental results is obtained. It is confirmed that steady-state crack location including the
interfaces between the face sheets and the core can be predicted using the present analysis.

3. Sizing of sandwich specimen for interfacial fracture toughness characterization

3.1. Necessary conditions for steady-state interfacial crack growth

In the previous section, it was demonstrated that steady-state crack location in the foam core
including the interfaces between the face sheets and the core can be predicted using the crack
kinking analysis. In order to evaluate the fracture toughness associated with interfacial crack
growth between the face sheet and the core, it is necessary to prepare sandwich beam
specimens in which the crack grows stably along the interface. In this section, necessary
conditions for steady-state interfacial crack growth are derived.

Consider a sandwich specimen with a pre-crack along the interface between the upper
face sheet and the core. When we neglect the crack penetration into the face sheet, it is con-
sidered that negative or zero crack kinking angle in the case of hcp = 0 is the necessary condi-
tion for crack growth along the upper interface. Note that crack deflection or jump into the
core or face sheet might be possible depending on the stress fields and the combination of
material properties of constituent materials (e.g. fracture toughness and strength). Such phe-
nomena are not considered herein.

Based on Equation (12), negative or zero crack kinking angle indicates negative or zero
KII/KI. As the KI is always positive, this condition means negative or zero KII. In addition, it
is derived that negative or zero crack tip force, Nc, is the necessary condition for steady-state
interfacial crack growth when hcp = 0. Using Equation (7), this condition is rewritten by

Mn� Ng � 0 ð13Þ

as the denominator of the right-hand side of Equation (7) is positive.

3.2. DCB specimen

Consider a DCB specimen with the crack length of a and the applied shear load of P. In this
case, the parameters in Equation (8) are expressed as [15]

N10 ¼ 0; Q10 ¼ �P; M10 ¼ �Pa ð14Þ

Table 1. Comparison of the predicted steady-state crack location with the experimental data in Ref.
[9].

Specimen
Core thickness

(mm)
Initial crack
location (mm)

Final crack
location (mm)

Predicted steady-state crack
location (mm)

I30 14.2 7.6 7.0–7.5 7.1
I40 15.6 0.7 2.0–3.0 2.5
I41 17.6 8.1 1.5–2.5 1.5
I43 17.2 8.9 0–0.5 0
I45 17.6 1.2 8.0–9.0 8.3
I50 17.3 16.9 0–0.5 0
T1 37.9 0.8 0–0.5 0
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N1p ¼
ðd1 þ d2ÞðaN2 � aN1Þ þ b1 þ b2 þ h1þh2

2 d2

 �

aM1 þ �b1 � b2 þ h1þh2
2 d1


 �
aM2

ðd1 þ d2Þgþ b1 þ b2 þ h1þh2
2 d2


 �
n

M1p ¼ 1

n
fgN1P þ ðaN1 � aN2Þ � h1

2 aM1 � h2
2 aM2g

Q1p ¼ 0

ð15Þ

As a special case, we neglect the initial thermal strains. In addition, it is assumed that the
face sheets and the core are homogeneous materials (Young’s moduli are denoted as Ef and
Ec, and the thicknesses are hf and hc for face sheet and the core, respectively), and the upper
face sheet and the lower face sheet have the identical material properties and thickness. In
this case, Equation (13) is expressed as n � 0, and the following condition is derived.

ð2a2 � aÞ�h3 � 5a�h2 � 4a�h� 1 � 0 ð16Þ

a ¼ Ef

Ec
; �h ¼ hf

hc
ð17Þ

The above condition is plotted in Figure 6. The horizontal axis is α (=Ef /Ec) and the
vertical axis is �h (=hf/hc). The region below the solid line indicates the condition satisfying
Equation (16). Specimen dimension (i.e. maximum thickness ratio, hf/hc) is prescribed
by the modulus ratio (Ef /Ec). Specifically, in the case of sandwich beams with carbon fiber-
reinforced plastic (CFRP) or glass fiber-reinforced plastic (GFRP) face sheets and typical
foam core (i.e. Ec

Ef
� 0:01), the following approximated equation is obtained.

hf
hc

� �
max

� 1:5

ffiffiffiffiffi
Ec

Ef

s
Ec

Ef
� 0:01

� �
ð18Þ

When DCB tests are used for the evaluation of interfacial fracture toughness associated
with debonding between the face sheet and the core, the author recommends the specimen

0.001

0.01

0.1

1

10

1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06

Ef/Ec

hf
/h

c

interfacial crack growth

crack kinking

Figure 6. Sizing map of DCB specimen.
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dimension satisfying Equation (16) (i.e. Figure 6) or Equation (18). Note that these conditions
are valid when the upper face sheet and the lower face sheet are identical.

3.3. SCB specimen

In the case of SCB tests, the lower face sheet is rigid or completely fixed to the rigid fixture.
Thus, the stiffness of the lower sublaminate is infinity (i.e. the compliance is zero;
a2 ¼ b2 ¼ d2 ¼ 0). The loading condition is same as DCB tests. When we neglect initial ther-
mal strains and assume that the upper face sheet is homogeneous (i.e. b1 = 0), Equation (13)
is rewritten by

n ¼ h1
2
d1 � 0 ð19Þ

This condition is always satisfied. Therefore, in the case of SCB tests, the crack stably
grows along the upper interface independently of specimen dimensions. It should be noted
that TSD test is the inclined version of SCB test, and the necessary condition is always
satisfied, too.

It can be concluded that crack kinking is not induced in SCB tests and TSD tests of sand-
wich beam specimens, and thus, specimen configurations are not restricted in terms of crack
kinking problem. The readers should refer to Refs. [10,11] on the specimen sizing of SCB
specimens considering the conditions to prevent the face sheet failure, the effect of large
deflection during loading, etc.

3.4. MMB specimen

The testing apparatus of MMB specimen is shown in Figure 1(d). The loading conditions
give

Pe ¼ P
c

L
; Pc ¼ P

cþ L

L
ð20Þ

Figure 7. Sizing map of MMB specimen.
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and the parameters in Equation (8) are expressed as [15]

N10 ¼ 0; Q10 ¼ �Pe; M10 ¼ �Pea ð21Þ

N1p ¼ � b2d1 � b1d2 þ h1þh2
2 d1d2


 �
ðd1 þ d2Þgþ b1 þ b2 þ h1þh2

2 d2

 �

n

Pc

2
a

þðd1 þ d2ÞðaN2 � aN1Þ þ b1 þ b2 þ h1þh2
2 d2


 �
aM1 þ �b1 � b2 þ h1þh2

2 d1

 �

aM2

ðd1 þ d2Þgþ b1 þ b2 þ h1þh2
2 d2


 �
n

M1p ¼ 1

n
gN1P þ b2 þ h2

2
d2

� �
Pc

2
aþ ðaN1 � aN2Þ � h1

2
aM1 � h2

2
aM2

� �

Q1p ¼ �Pc

2

g
n
þ h1

2

� �
d2nþ ðd1 þ d2Þ b2 þ h2

2 d2

 �

ðd1 þ d2Þgþ b1 þ b2 þ h1þh2
2 d2


 �
n
� b2 þ h2

2 d2
n

( )
ð22Þ

When we neglect the initial thermal strains and assume that the face sheets and the core
are homogeneous materials, and the upper and lower face sheets have identical thickness,
Equation (13) is expressed by

ð1þ vÞa2�h4 þ f8vaþ 2ð1� vÞa2g�h3 þ að1þ 11vÞ�h2 þ 8va�hþ 2v � 0 ð23Þ

where, χ= c/L holds.
This condition is plotted with variation of χ in Figure 7. Decrease in χ results in lower

possibility of crack kinking (i.e. crack growth along the interface is more susceptible). Com-
pared to DCB specimens, the restrictive condition of specimen dimensions (i.e. hf /hc) is miti-
gated. It is concluded that crack growth along the interface is achieved during the MMB test
in the case of specimens satisfying the dimensional condition of DCB specimens.

4. Discussion

4.1. On the necessary conditions for steady-state interfacial crack growth

This section gives another insight of the derived condition for steady-state interfacial crack
growth. For example, in the case of DCB specimen with a crack at the interface between the
upper face sheet and the core, the necessary condition is expressed by Equation (16). This
condition is identical to the condition of n � 0.

In-plane normal strain (ɛ(u)) at the crack tip (x1 = 0, z1 =�hf/2) in the upper face sheet is
derived as the following equation by using Equations (1), (3), and (4), when we set M1 =�Pa

eðuÞ ¼ dU1

dx
0;�hf

2

� �
¼ hf

2
d1 � Pa ð24Þ

Note that the face sheet is assumed as homogeneous material (i.e. b1 = 0). In a similar
way, in-plane normal strain (ɛ(l)) at the crack tip (x2 = 0, z2 = (hc+ hf) /2) in the lower sublami-
nate is expressed as

eðlÞ ¼ dU2

dx
0;
hf þ hc

2

� �
¼ b2 þ hf þ hc

2
d2

� �
� Pa ð25Þ

Therefore, ξ is expressed as
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n ¼ �b2 þ hf
2
d1 � hf þ hc

2
d2 ¼

eðuÞ � eðlÞ

 �

Pa
ð26Þ

Equation (26) indicates that ξ is related to the strain difference between the upper surface
and the lower surface at the crack tip. When the normal strain at the upper surface is equal to
or larger than that at the lower surface, the crack grows along the interface. From Figure 4,
the condition that the upper strain is equal to or larger than the lower strain means that the
crack tip force Nc is zero or negative. Thus, steady-state interfacial crack growth condition is
directly related to strain difference between the upper and lower surfaces.

It should be noted that the derived conditions for steady-state interfacial crack growth
coincide with the above-mentioned strain difference condition not only in DCB test but other
tests.

4.2. Effects of thermal strain

Laminated structures including sandwich structures suffer from residual thermal stresses
owing to the difference between the curing temperature and the operating temperature. The
residual thermal stresses or residual thermal deformation influences energy release rates or
crack tip forces. Therefore, the residual thermal stresses have effects on the condition of
steady-state interfacial crack growth.

As an example, consider a DCB sandwich specimen consisting of homogeneous upper
and lower face sheets with identical material and thickness. Consideration of residual thermal
stresses in Equation (13) results in

Mn� Ng ¼ �Panþ ðaN2 � aN1Þ þ hf þ hc
2

aM2 � 0 ð27Þ

Note that this value represents the strain difference described in Section 4.1. In typical
sandwich structures, thermal expansion coefficient of the core is higher than that of face
sheet, resulting in the fact that the underlined portion in Equation (27) is negative. The condi-
tion of Equation (27) is mitigated compared to the condition of n � 0 in the case of a DCB
specimen without residual thermal stresses.

When the residual thermal stresses are induced in a DCB specimen, the restrictive condi-
tion of specimen dimensions which allows the crack to grow at the interface is mitigated. A
similar discussion is valid for a MMB specimen. The crack is susceptible to steady-state inter-
facial growth in a sandwich specimen with residual thermal stresses compared to one without
residual thermal stresses.

5. Concluding remarks

In the present study, the necessary geometric condition was derived for interfacial debond
characterization of foam core sandwich beams. The recommended specimen geometry (i.e.
thickness) was presented.

The first part of the paper summarized the crack kinking analysis of foam core sandwich
beam. It was demonstrated that steady-state crack position in foam core sandwich specimens
for fracture characterization can be predicted based on the comparison to experimental data.

Then, the condition for steady-state crack growth along the interface between the face
sheet and the core was derived for the cases of several test methods (i.e. DCB, SCB, and
MMB tests). Geometric condition of the specimen that enables the interfacial debond charac-
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terization (i.e. face sheet thickness/core thickness) was shown in the graphic form and the
approximated equation.

Finally, it was shown that the derived condition is equivalent to the strain difference
between the upper and lower crack surfaces. The effect of residual thermal stresses on the
necessary condition was also explained. In the case of typical foam core sandwich specimens,
it was concluded that the restrictive condition of specimen dimensions which allows the crack
to grow at the interface is mitigated.

The present paper gives fundamental knowledge on the specimen geometry of foam core
sandwich specimen for debond characterization. Specimen geometry (thickness ratio) can be
designed a priori using the derived figure and equation. The present results will contribute to
the efficient development of light-weight foam core sandwich structures, the feasibility study
of foam core sandwich structures, and the standardization of testing method for fracture char-
acterization of foam core sandwich specimens.
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