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A sandwich beam model consisting of two face sheets and a foam core bonded by a viscoelastic adhesive layer is considered in
order to investigate interfacial fracture behavior. Firstly, a cohesive zone model in conjunction with a Maxwell element in par-
allel, or with a Kelvin element in series, respectively, is employed to describe the characteristics of viscoelasticity for the adhe-
sive layer. The models can be implemented into the implicit finite element code. Next, the parametric study shows that the in-
fluences of loading rates on the cohesive zone energy and strength are quite different for different models. Finally, a sandwich
double cantilever beam model is adopted to simulate the interface crack growth between the face sheet and core. Numerical

examples are presented for various loading rates to demonstrate the efficacy of the rate-dependent cohesive models.
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1 Introduction

Presently, composite sandwich structures with thin, high
stiffness face sheets and thick, low density cores are being
widely used in weight sensitive structures, such as marine,

transportation, civil construction and aerospace applications.

The sandwich interface, which transfers stresses and other
structural responses between the face sheets and core, is a
typical adhesive material with viscoelastic characteristics.
The performance of the interfacial layer has a significant
influence on the physical, chemical and mechanical proper-
ties (as well as the service life) of the composite sandwich
structures. As for structures of all dissimilar materials, the
interfacial debonding between the core and face sheets is
one of the more common failure modes during the processes
of initial sandwich manufacturing, in-service under normal
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and accidental loads. The interfacial crack initiation and
growth affects transfer of mechanical responses between the
face sheets and core. Furthermore, static and dynamic load-
ing are both likely to inflict unstable crack growth and lead
to overall failure; however, due to the anisotropy and non-
homogeneity of composite sandwich structures, the analysis
of that interfacial failure mode is quite complex [1].

Since the mechanical behavior and failure modes of the
interface have a significant influence on the structural per-
formance of sandwich structures, a thorough understanding
of the factors that are relevant to the face/core debonding is
crucial to the safe design of sandwich structures; therefore,
many scholars have devoted their efforts to the interfacial
failure behavior of sandwich structures. The influence of an
initial through-the-width face/core debonding on the com-
pression failure of the sandwich was examined experimen-
tally by Vadakke and Carlsson [2]. Avilés and Carlsson [3]
presented their beam models for the analysis of compliance
and energy release rates of the sandwich double cantilever
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beam specimens. Sirituk et al. [4] devised an experimental
procedure to evaluate the values of delamination toughness
at the face/core interface of a sandwich structure for both
dry and wet cases. The J-integral computed by the finite
element method agrees with the values of their experimental
data.

The Cohesive Zone Model (CZM), which is based on the
concepts first discussed by Dugdale [5] and Barenblatt [6],
has been used extensively to study the fracture and crack
growth problems of metals, composites and concrete [7].
Recently, combined with finite element methods, more
complicated cohesive laws were developed to simulate in-
terfacial delamination propagation [8]. Sridharan and Li [9]
compared two types of CZMs: one with a finite thickness
and the other with zero initial thickness. Both static and
dynamic delamination problems were simulated. Han et al.
[10] used a cohesive element approach to simulate delami-
nation propagation between the face sheets and core in a
honeycomb-core composite panel. The critical energy re-
lease rate and peak strength of the CZM were determined by
Double Cantilever Beam (DCB) fracture tests and Flat-Wise
Tension (FWT) tests, respectively.

In the aforementioned literature, the cohesive law is
rate-independent; namely, the tractions within the cohesive
zone depend only on the crack surface opening displace-
ment, and are independent of the crack opening displace-
ment rate. However, most engineering materials, including
polymers and high-temperature metals, are known to creep
under sustained constant loads and relax while being sub-
jected to a constant strain. For sandwich structures,
face/core debonding within the adhesive layer is rate-
dependent because of the viscoelastic behavior of the poly-
mer adhesives. Recently, more and more studies have em-
ployed viscoelastic CZMs for polymers in a series of papers
[11-16]. For instance, a rate-dependent CZM based on a
viscoelastic analyses on the crack-tip process zone was
proposed by Bazant and Li [11], in which the traction re-
lates to the effective displacement and rate of change of
effective displacement. Allen and Searcy [12] developed a
damage evolution law for a nonlinear viscoelastic cohesive
zone to reasonably simulate rate-dependent viscoelastic
damage growth. As the viscoelastic property matrix is sig-
nificant for PBX explosives, the rate-dependent CZM was
successfully employed in the interface debonding [13]. In
addition, comprehensive experimental and numerical stud-
ies have been reported in two separate papers by Xu et al.
[14,15]. Zhu et al. [16] obtained mode I and mode II trac-
tion—separation laws for polyurea/steel sandwich specimens.
Strong rate-dependent effects were found for both modes of
fracture. The cohesive energy (i.e., fracture toughness) in-
creases with rising crack opening velocity, which is the ba-
sis of most rate-dependent CZMs available in the aforemen-
tioned literature.

The commonly-used rate-independent CZM has proven
to be a suitable and simple model in many cases for fracture
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analysis [17]. However, for a viscoelastic interface, it may
not be adequately precise in some situations [18]. Viscoe-
lastic interfacial crack growth analysis is rare for lack of
effective experimental and numerical methods. In this study,
two kinds of rate-dependent CZMs are established to char-
acterize the different effects of loading rates upon interfacial
viscoelasticity. Furthermore, the interfacial delamination
propagation between the face and the core of a sandwich
double cantilever beam is simulated using the finite element
method. Some conclusions are reached based on the numer-
ical results, which should contribute to better understanding
of the interfacial failure mechanisms of composite sandwich
structures.

2 Cohesive zone model

An arbitrary crack system, including a cohesive zone in
front of the crack tip and the separated upper and lower
surfaces, is shown in Figure 1(a) [5,6]. The “fictitious”
crack is divided into two parts: one corresponds to the
physical length of the stress-free crack; the other one is the
cohesive zone, where damage of the material occurs and
finite cohesive tractions follow a certain law: including lin-
ear, bilinear, parabolic and exponential laws, etc. A classical
bilinear softening law for the cohesive zone is illustrated in
Figure 1(b) [19]. The cohesive zone usually has two distinc-
tive regions. The first region is defined from points A to B,
where material hardening occurs; therefore, point A is as-
sumed to have low magnitude traction. Point B reaches the
maximum traction (i.e., cohesive strength) T;,, which is one
of the fracture parameters. The second region is defined
from points B to C, where material softening occurs. An-
other fracture parameter, called critical separation J., is de-
fined at point C, where the cohesive traction is numerically
negligible. The area under the 7-J curve represents the co-
hesive energy G.: namely, the fracture toughness of the ma-
terial.

The CZM is usually implemented in the finite element
approach by a cohesive element [9,20]. The cohesive ele-
ment, which has zero initial thickness in the un-deformed
configuration, can model the interface delamination be-
tween continuum elements. Elements in the model are
4-noded, with two displacement degrees of freedom per
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Figure 1 Schematic of a cohesive zone ahead of a crack tip (a) and a
typical bilinear softening cohesive law (b).
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node for 2D. The relative displacements of the nodes are
used to characterize the deformation, and damage occurs
only in the cohesive elements which obey the constitutive
relation, such as in Figure 1(b).

The opening of the interface element is defined as the
difference in displacements between the top and bottom
nodes:

Au = {u} = {u}™. (1)

So, the definition of the interface opening Au,, in terms of
the nodal displacements of paired nodes is:

x4 | I4><4 )dn > (2)

where d, is the nodal displacement in the global coordinate
system and [ is the unit matrix. The node relative displace-
ment vector in the element is then given by:

Au($) = H(S)Au, = H(S)Pd, = Bd, ©)

Au, =dd, = (-1,

where, £ is the local coordinate of the element with —1<& <
1. H(¢) is the matrix containing the shape functions. The
nodal force vector and tangent stiffness matrix are defined
as:

1
fo=w f B'Ot,_ det Jd¢, )
-1
. ofs LT T
Ke :_adel :_W,’. B ®DIDC® Bdet"df’ (5)
-1

where W is the width of the interface element; ® represents
the matrix of direction cosines transforming the local coor-
dinate system to the global one; #is the cohesive traction
vector; det J is the Jacobian determinant; D). is the stiffness
matrix.

3 Constitutive relation of the rate-dependent
cohesive zone model

3.1 Model description

A rate-dependent CZM of the viscoelastic interface of
sandwich structures seems to be a reasonable approach to
capture the fundamental viscoelastic fracture behavior. Two
kinds of three-parameter solid models are employed to de-
scribe the viscoelastic nature of the interface. In the case
shown in Figure 2(a), the constitutive relation can be written
as:

EE,s+n(E +E,)é=E,c+n0. (6)
For Figure 2(b):
EE,c+Ené=(E +E))o+nc. @)

Next, a series of substitutions are made to form the two
corresponding constitutive relations for a rate-dependent
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CZM [14]: (1) across the cohesive zone, the opening dis-
placement (Au,) and the cohesive surface traction (7,) are
used to replace strain (&) and stress (o) in the models, re-
spectively; (2) the stiffness of the rate-independent CZM is
used to replace E; in the model; (3) a constant 77, with a
unit of force per velocity per area is used to replace the vis-
cosity coefficient 7 to describe the cohesive zone viscosity;
(4) a secondary stiffness k, with a unit of force per relative
displacement per area is used to replace the modulus, E,.
Consequently, the rate-dependent CZM can be established
by combining a rate-independent CZM with a Maxwell el-
ement in parallel, or a rate-independent CZM with a Kelvin
element in series. To distinguish them in the latter section,
we simply define them as model A and model B, respec-
tively.

Taking the normal separation into account, the constitu-
tive behavior of model A can be rewritten in the following
form [14]:

. dr, .
k2]:1 +'7n [dAun +k2]Al;ln = k2]-;1 +77n]:1’ (8)

n

where the subscript n denotes the normal direction. 7,

which is proposed by Xu and Needleman [21], represents
the traction of the rate-independent CZM:

T =T _exp 1_% %Jrl__q r—% .9
o o r—1 o

n n n

where J,, g and r are constitutive parameters. T, is the
maximum value of normal traction.
The constitutive relation of model B can be written as:
dr

T, dT, .
—k,Au_+ “Au, =|—=—+k, |T +n T, (10
A 2 n 7771 dAlZn n [dAﬁ" 2J n 77)1 n ( )

where Aii, is the displacement of the rate-independent
CZM.

3.2 Incrementation in the viscoelastic CZM

In an attempt to formulate the viscoelastic constitutive eqs.

e—*Au, e—+AU,
Exk; E\~T,/AT,
T % a- i
E,—~T,/Au,
N,
a—+T, o Tr:
A B

Figure 2 Linear solid viscoelastic model for rate-dependent CZM analy-
sis.
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(8) and (10) into a computational finite element model, it is
necessary to increment the cohesive zone traction at each
time step. For model A, suppose that the traction at time ¢ is
known and that the traction at r+At is evaluated as follows
[15]:

T (t+Af) =T (t+Ar)
L EalAu, (04 A0 - Au, )+ T,(0 - T,(0) (1D
1+k,At/n '

Based on viscoelastic theory, the tractions associated
with the rate-independent CZM and the Kelvin element are
equal for model B, whereas the displacements are additive.
Hence, eq. (10) can be written as:

T;r :7-;1’ (12)
T, = k,Au, +7,Aii,, (13)
Au, = Ad, +Au,, (14)

where u, is the displacement of the Kelvin model. Substi-
tuting eqs. (12) and (14) into eq. (13), a linear first-order
differential equation is given as follows:

T, = k,(Au, — Aii,) +1,(Aii, — Ail,). (15)

To ensure accuracy and stability of the solution, here the
modified Euler method is chosen to solve A, in eq. (15).

Then, T, can be obtained based on eq. (12).

4 Numerical examples and discussion

4.1 Rate-dependent cohesive model

In order to observe how the rate-dependent CZM performs,
several special cases are considered here. The effect of a
monotonically increasing opening displacement up to fail-
ure is examined for a single element. The initial stiffness of

the rate-independent CZM is k =7, exp(l)/5,, and set

k,=0.02k; and k,=0.2k; for model A and model B, respec-
tively.

Figure 3 shows the curves of traction-separation at dif-
ferent separation rates v,= 1, 0.1, 0.01 and 0.001. As can be
seen, for low v, the traction of the Maxwell element can be
ignored. Therefore, the rate-dependent CZM behaves in the
same way as the original rate-independent CZM. For large
v, the upper limit of the traction-separation curve approxi-
mates the rate-independent CZM model in parallel with the
spring E, due to the inadequate viscous response in the short
period of time. With v, increasing, the peak traction shifts
towards larger values: i.e., the cohesive strength is depend-
ent on the loading rate. In the present model, the work of
separation is not constant; namely, the cohesive energy in-
creases with increasing loading rate, as illustrated in Figure
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3. Contrarily, in the rate-independent CZM, the area under
the traction displacement curve is a constant.

Figure 4 shows the traction-separation curves of model B
for different v,. As can be seen, with the decrease of v, the
curve changing tendency (which is different from model A)
is from the original rate-independent CZM towards the
rate-independent CZM model in series with the spring E,.
For different v,, the peak traction remains unchanged: i.e.,
the cohesive strength is not affected by the loading rate.
Finally, the variety of the cohesive energy is not monoton-
ically increased with increasing v,,.

Consequently, the results show that it is necessary to
choose an appropriate model for different viscoelastic mate-
rials. Most literature mentions that fracture toughness in-
creases with increasing crack opening velocity; however,
the variation of the fracture toughness is a complex function
related to velocity [22]. Hence, both the constitutive rela-
tions of model A and model B are implemented into the
finite element procedure to study the influence of the visco-
elastic interfacial cracks on sandwich structures.

4.2 Double cantilever beam

4.2.1 Numerical model

Figure 5 shows a sandwich Double Cantilever Beam (DCB)

1.2

0.9

06

Tl Ty, max

0.3

2 4 6 8
Aufa,

0.0
0

Figure 3 Traction-separation of model A for various loading rates.

1.2

Tﬂ IIIT—l’l max

Au, 18,

Figure 4 Traction-separation of model B for various loading rates.
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Foam core

Composite face sheet

Initial crack Cohesive layer

u

Figure 5 A sandwich Double Cantilever Beam (DCB) specimen with
interface crack.

specimen with an initial interface crack between the lower
face sheet and core. The lengths of specimen and crack are
210 mm and 50 mm, respectively, and the thicknesses of
core and face sheet are 30 mm and 3.6 mm, respectively.
The loading is imposed by the displacement u at point A in
the lower face sheet, while the corresponding reaction force
can be obtained from calculations.

Table 1 lists the mechanical materials properties of the
face sheets and foam core. The material of the adhesive
layers is complex because of the physical and chemical in-
teraction in the fabrication process. This paper focuses on
the fracture mechanisms analysis, so the material parame-
ters of the adhesive layers are specified as in Table 2 corre-
sponding to the experimental results in refs. [15,23].

For the analysis of the delamination propagation in
sandwich structure beams, a detailed finite element dis-
cretization for a cross-section along the x-y plane is em-
ployed. The CZM described above is implemented in con-
junction with the ABAQUS user element subroutine (UEL)
[24]. For the sake of simplicity, all analyses are based on
the plane strain condition. An initial crack is inserted into
the interface between the lower face and core. Both the core
and the two face sheets are discretized by four-node plane
strain elements. The specimen consists of 4320 elements
and 4561 nodes, as shown in Figure 6. The cohesive ele-
ments are placed along the interface between the face sheet
and the core to capture the interfacial crack growth in the
sandwich beams.

Table 1 Mechanical properties of materials [9]

Material ¢ "p k. (GPa) Vor Ve Ve Guy Guo Gye (GP2)
property ° ’ ° ’
Face sheet 24.6,11.8,13.5 0.31, 0.533, 0.446 3.78,9.19, 3.74
Core 0.165, 0.263, 0.165 0.37,0.37,0.37 0.15,0.15,0.15

Table 2 Parameters related to rate-dependent CZM for DCB specimen

Tomax (MPa) O, G.(N/mm) q r 17, (MPa s/mm)
6 0.084 1.27 1 0 12.5

Figure 6 Finite element model of the DCB sandwich specimen.
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4.2.2  Validity of the numerical model

To verify the validity of the present numerical model, let the
material properties of the core and face sheets be the same
as in Table 1. The rate-independent bilinear and Xu-
Needleman laws of CZMs are employed in this section. The
finite element mesh configuration is the same as that in
Figure 6, excepting the boundary condition that the upper
face sheet be fixed.

Figure 7 shows the variations of reaction force with tip
displacement. The black dots are the experimental results.
The solid curve and dashed curve represent the numerical
results based on the bilinear law and the Xu-Needleman law,
respectively. It can be seen that the reaction force P de-
creases with displacement u, increasing when the interface
damage and crack growth occur, and the present numerical
results agree well with the experimental results. Hence, it
can be deduced that the numerical results are significantly
affected by the cohesive energy, but not by the shape of the
traction-separation curve.

4.2.3  Effects from loading rates

Here the effects when the sandwich DCB is subjected to
different constant loading rates are considered. Model A is
employed to characterize the viscoelastic behavior of the
adhesive layer. The curves of the reaction force versus the
tip displacement are shown in Figure 8, where the solid,
dashed and dotted curves represent three loading rates: 2
mm/s, 0.2 mm/s and 0.02 mm/s, respectively. As mentioned
in the previous section, cohesive energy is the main factor.
Therefore, before the crack grows, the effects of the loading
rates are not evident from the curves. Also, both the peak
load and corresponding displacements increase with in-
creasing loading rates: this illustrates that sandwich beam
behavior toughens as loading rate increases. These conclu-
sions are consistent with those of refs. [12,25].

The crack growth happens when the separation work of
the cohesive element attains material toughness. Figure 9
shows the curves of crack growth length vs. displacement
for three loading rates. Firstly, it can be found that for the

350

300

250
z
o =200f
B
S 150

100 = Experiment [23]

—— Bilinear law
50 - - = Xu-needleman law
0 1 1 '} L 1
0 5 10 15 20 25 30

Displacement (mm)

Figure 7 Load-displacement curves of numerical results and experi-
mental results.
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Figure 8 Load-displacement curves of DCB with model A for various
loading rates.
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Figure 9 Crack growth Length vs. displacement curves of DCBs with
model A for various loading rates.

crack onset the displacement needs to reach a certain value,
the value of which increases with increasing loading rates.
The reason is that forming the cohesive zone needs time for
damage to accumulate. Secondly, with the loading rate de-
creasing, the crack growth length increases. This is due to
the fact that the slow loading rate gives more time for dam-
age evolution, and that the interface stress also has suffi-
cient time to relax in the cohesive zone. Thus, the energy
required for crack growth decreases as well.

The curves of the reaction force versus the loading dis-
placement of DCBs with model B are shown in Figure 10. It
can be seen that the peak load is increasing with loading
rate: increasing from 0.02 mm/s to 2 mm/s, which is similar
to the results from model A. However, the load vs. dis-
placement curve presents a descent in the case of a higher
loading rate (20 mm/s). This phenomenon indicates that
interfacial toughness is decreasing, which is also described
by the ref. [26].

5 Conclusions

Two rate-dependent CZMs, which characterize viscoelastic
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Figure 10 Load-displacement curves of DCBs with Model B for various
loading rates.

behaviors within the fracture process zone ahead of the
crack tip, have been employed for interfacial fracture analy-
sis of composite sandwich beams. Through parametric
analysis and discussion, the following conclusions have
been reached:

(1) The rate-dependent CZM can be obtained by com-
bining a rate-independent CZM with other viscoelastic ele-
ments such as a Maxwell element or a Kelvin element. Dif-
ferent combinations have influence on cohesive zone
strength and energy under various loading rates.

(2) The viscoelastic constitution of the adhesive layer is
represented by rate-dependent CZMs. The critical energy
for crack growth is not a constant value for the different
rate-dependent CZMs. For rate-independent CZMs and a
Maxwell element in parallel, the sandwich beams exhibit
more toughness as the face/core interfacial crack growth
increases with an increasing loading rate. While for
rate-independent CZMs and a Kelvin element in series, the
variation of the interfacial toughness decreases with an in-
creasing loading rate. It is necessary to consider rate-
dependent effects caused by the viscoelastic characteristics
of the interface on the fracture behavior of the sandwich
material.

(3) Through reasonable optimization of material parame-
ters for the viscoelastic layer, the fracture toughness of a
composite sandwich can be improved, and hence its fracture
resistance can be enhanced.

For lack of experimental data on rate-dependence of in-
terface mediums, cohesive parameters are difficult to cali-
brate under higher loading rate conditions. The effects of
the loading rate on the fracture toughness of the sandwich
interface need to be studied further both experimentally and
numerically.
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