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Abstract
Although the best configuration of the joints used to connect a common GFRP sandwich
panel with the main structures is the adhesively bonded one, that permit high static and
fatigue performances as well as to avoid stress concentrations, mechanical or hybrid joints
are still widely used in the industrial field. After a preliminary theoretical design, the
optimal configuration of an end adhesively bonded double-lap joint constituted by a
simple insert as internal adherent and the same face sheets as external adherent, has been
researched. In detail, several experimental tests and successive numerical simulations
under tensile and bending loading, performed by varying the main influence parameters as
the overlap length and the material of the internal insert (aluminum, steel, CFRP), have
been carried out. In brief, the experimental and numerical analyses have shown that, due
to the limited effects of the stiffness unbalancing of the joints, as well as to the appreciable
peel stress values associated with tensile and especially bending loading, the optimal joint
configuration is obtained in practice by using an insert made by CFRP with an overlap
length equal to about a double the theoretical overlap value. Also, due to the different
damage tolerance of the epoxy adhesive to the shear and peel stresses, the accurate
strength prediction of such joints has to be performed by assess the failure processes that
occur at the two attach points of the double lap joint. In detail, the delamination growth
that can occurs at the attach point of the face sheets, can be predicted by using a de-
lamination criterion along with a point stress approach, whereas the unstable delami-
nation growth that can occur at the opposite point of attach of the insert, can be evaluated
by using a simple delamination criterion with the classical approach of the maximum
stress.
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Introduction

The increasing use of composite sandwich panels takes advantage of the high flexural
strength and the high ultimate load of longitudinal instability. Among these advantages,
sandwich panels have other interesting properties such as high thermal and acoustic
insulation, resistance to chemical agents and impacts, which makes them preferable in
many semi-structural or non-structural applications, both in industrial and civil envi-
ronments. One of the main problems related to the use of this class of composites, is
essentially due to the selection of the joining technologies needed to connect the
structures. Theoretically, the continuous joining methods (bonding, thermoplastic
welding, etc.) are to be preferred to discontinuous ones such as riveting or bolting. In the
latter cases, in fact, the interruption of the fibers continuity of the face sheets and the stress
concentration caused by the holes could promote the joint failure. Furthermore, in
composite-metal adhesive joints, the layering of the composite structure and the inherent
weakness in the thickness direction makes the damage mechanisms more complex to
analyze and to study.1 Due to these uncertainties, in the industrial field it is preferred to use
higher safety factors by increasing, for example, the actual bonding surface2–8 compared
to the theoretical ones,2 or by using hybrid joints (where the adhesive bonding is
combined with bolts or rivets)3–5 with consequent non-optimal use of the materials.

Moreover, several studies reported in literature have shown that high performances
bonded joints, having both single and double-lap joint configuration, can be achieved
through geometric shape optimizations,9 by using different types of adhesives10–11 or by
varying the elastic material properties along the connection area.12 However, the use of
theoretical models as that proposed by L.J. Hart-Smith,2 have shown that an accurate
study of such joints cannot disregard the knowledge on peel and shear stresses at the
adhesive–adherent interface, although accurate and complete analytical closed-form
models are disposal at the design stage only in a few cases2,13–14 and commonly, nu-
merical techniques have to be used to reliable stress analysis.15

In the present work, the authors propose a simple and innovative adhesive end double-
lap joint to be used to joint common sandwich, made by GFRP face sheets and PVC foam
core, with the main structure. In detail, it is realized by bonding to the two sandwich face
sheets, that constitute the external adherents, to a simple insert made by steel or light-
weight materials (aluminum, CFRP), that constitute the internal adherent, positioned in
place of an end core portion previously removed. Such a proposed joint configuration
constitutes an appreciable alternative to different configurations analyzed in literature, as
those simple bolted, simple bonded and hybrid considered in,5 that presents the above
mentioned drawbacks of the mechanical joints (bolted, hybrid), as well as limited me-
chanical performance (maximum specific tensile load ranging from about 140 to 480 N/
mm) due mainly to a non-optimized geometry. Similar results can be observed in16 that

2 Journal of Sandwich Structures & Materials 0(0)



consider another adhesive bonded configuration that exhibits also in this case limited
performance (maximum specific tensile load ranging from about 278 to 416 N/mm).

The optimal configuration of the proposed joint was identified through a systematic
analysis of the actual strength and of the related damage mechanisms, carried out by
experimental tests (tensile and bending tests) performed by varying the main influence
parameters, as the insert materials and the overlap length. Several numerical simulations
of the experimental tests, carried out in the ANSYS APDL environment by using a proper
bilinear cohesive zone model (BCZM), have been used to evaluate the relationships
between the damage mechanisms and the distributions of the peel and shear stresses; this
study has permitted to implement accurate theoretical models that can be used at the
design stage to the reliable strength prediction of the proposed joint under generic service
loading given by a combination of tensile and bending loads.

Experimental study

Geometry and materials

As above mentioned, the present study considers sandwich panels widely used in both
industrial and civil field, constituted by Glass Fiber Reinforced Polymer (GFRP) face
sheets and closed cell PVC foam core. In particular, a composite sandwich with face
sheets having thickness of 2.5 mm and fiber volume fraction Vf = 0.2, realized by using
randomly oriented E-glass mats with a density of 450 g/m2 and impregnated with or-
thophthalic polyester resin type CRYSTIC 446PALV produced by Scott Bader,17 has been
considered. The composite was manufactured by hand lay-up process and vacuum bag
technique, then it was cured at 80°C for 1h. The thickness of the core is equal to 4 mm,
whereas the epoxy adhesive used to bond core and face sheets have a thickness of
0.25 mm, so that the total thickness of the sandwich panel is equal to t = 9.5 mm. Taking
into account that the considered sandwich is usually jointed to lightweight main
structures, the proposed high performance continuum joint solution is constituted by a
simple continuum bonded insert, as shown in Figure 1:

Figure 1. Schematic representation of the proposed adhesively bonded double-lap joint.
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Obviously, the insert can be locked into the main structure by a simple dovetail system,
as represented in Figure 1, or by using an alternative system, depending on the material of
the structure and on its actual manufacturing process.

In order to study experimentally the behavior of the proposed joint under tensile and
bending loadings, separate specimens have been manufactured. In detail, the following
Figure 2 shows the schematic representation of the specimens used for tensile tests to
analyze experimentally the behavior of the joint under prevailing tensile loading.

The following Figure 3 shows instead the schematic representation of the bending
specimens used to analyze the behavior of the joint under prevailing bending loading. A
four-point bending configuration has been selected because it allows to have a constant
bending moment in the entire zone of the examined joint.

Insert materials. The following three different materials have been considered for the
insert:

· 2024-T3 aluminum alloy;
· AISI 316 stainless steel;
· Unidirectional CFRP laminate consisting of 16 unidirectional laminae, constituted

by SX-10 epoxy resin18 reinforced by unidirectional HM carbon fibers stitched
fabrics (having unit weight of 200 g/m2).

Such materials have been selected because they are characterized by high mechanical
strength, high adhesion with epoxy adhesives and high resistance to the environmental
agents (no corrosion, etc.), so that they can assure a constant bonded joint efficiency for a
very long time. Moreover, aluminum and CFRP has been selected also because they allow
to limit properly the joint weight, as it can be specifically requested in case in which the
sandwich have to be joined with modern lightweight structures.

The main mechanical characteristics of these materials are described in the following
Table 1, along with the mechanical properties of the material constituted the sandwich
considered and the structural adhesive19 used to bond the insert to the GFRP face sheets.

Overlap length. The overlap lengths to be considered for the analysis and the optimization
of the proposed joint configuration have been determined by using the so called classical
bonded joint theory (BJT)1,2; this approach allows to define the overlap length that

Figure 2. Schematic representation of the specimen used for the experimental tensile tests.
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corresponds to an efficiency of 100% (joint strength equal to the adherents strength) of
double-lap joints subjected to simple tensile loading, by taking into account the strength
and the stiffness of both the adherents and the adhesive, as well as of the stiffness
unbalancing (stiffness of the external adherents different from the internal one).

In detail, the so called minimum overlap length ls* that assure a joint efficiency of
100%, can be determined by using the theory proposed by L. J. Hart-Smith2 that provides
the following formula:

l∗s ¼
σR, s � ts
τR, a

þ 2

β
(1)

where β is the joint strength parameter and S is the stiffness unbalancing given, re-
spectively, by the following equations:

β ¼ λ
α
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2�Ga

ηa�Es�ts
�
1þS
2S

�s
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Ga

ηa

�
ti

6�Gi
þ ts

3�Gs

�s (2)

S ¼ Ei � ti
2Es � ts (3)

being σR,s, Es, Gs and ts the ultimate tensile strength, the Young modulus, the shear
modulus and the thickness of the face sheets (external adherents); τR,a, Ga and ηa are the
ultimate shear strength, the shear modulus and the thickness of the adhesive layer,
whereas Ei, Gi and ti are the Young modulus, the shear modulus and the thickness of the
insert (internal adherent).

By introducing into Eqs.1-3 the value reported in Table 1 and considering an adhesive
thickness ηa = 0.25 mm, S = 9.2, β = 0.37 mm�1 and ls* = 21.7 mm are obtained for the

Figure 3. Schematic representation of the specimen used for the experimental bending tests.
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aluminum insert, S = 18.0, β = 0.31 mm�1 and ls* = 22.7 mm are obtained for the CFRP
insert, whereas S = 28.0, β = 0.31 mm�1 and ls* = 22.8 mm are obtained for the 316
stainless steel insert.

In brief, in accordance with the BJT all the three insert materials lead to a severely
unbalanced joint, i.e. a joint with a higher shear stress concentration at the attach point of
the face sheets, i.e. of the less stiff adherent (point A in Figures 1 and 2). However, the
values of the minimum overlap corresponding to the three insert materials, are quite
similar (from 21.7 to 22.8 mm) so that the same value of 23 mm has been used for all the
three joints considered. Since the experimental practice3–7 shows that the use of actual
overlap length higher than ls* can lead to further increment of the joint strength due to
beneficial compensative effects of possible adhesive layer defects given by lower shear
stresses in the central zone of the overlap segment, in order to detect the optimal overlap
length, values of 46 and 70 mm (double and triple of the computed ls* theoretical value)
have been also analyzed.

Tensile tests

The specimens used for tensile tests have been manufactured in accordance with Figure 2.
In detail, a specimen length lspec = 125 mm, widthW = 30 mm, gripping length lt = 35 mm
and three different overlap lengths ls = 23, 46 and 70 mm, has been used. To ensure the
correct clamping to the test machine, two fiberglass tabs were applied to the free end of the
inner insert, and an aluminum element was bonded into the terminal section of the
sandwich composite, as shown in Figure 2.

To ensure the correct polymerization of the adhesive after the bonding procedure, all
the tensile specimens (three for each insert materials and for each considered overlap
length), have been subjected to a cure cycle at 60°C for 12 h. Successive micrographs of
the joint sections, have corroborated the presence of an adhesive layer having the expected
thickness ηa = 0.25 mm.

The tensile tests have been carried out on each specimen so manufactured, by using an
MTS 810 servo-hydraulic test machine equipped with a 100 kN load cell. In accordance
with ASTM standard,8 all the experimental tests were carried out in displacement control
mode, with a crosshead speed of 1 mm/min. As an example, Figure 4 shows a specimen
with aluminum insert mounted in the MTS testing machine.

The following Figures 5(a), (b), (c) show, respectively, the load-displacement curves
for tensile tests carried on joint specimens having insert made by aluminum and CFRP
(lightweight materials characterized by high adhesion with the structural adhesive) with
overlap length equal to ls*=23 mm (Figure 5(a)), 2ls*=46 mm (Figure 5(b)) and 3ls*=
70 mm (Figure 5(c)), whereas the successive Figure 5(d) shows the same curves for the
case of 316 stainless steel.

Table 2 shows the results of the static tensile tests on the analyzed joint specimens, in
terms of ultimate load, stiffness and failure energy.

The analysis of Figures. 5(a), (b), (c) and of Table 2 show how for both aluminum and
CFRP inserts, the use of an overlap length equal to double of the minimum value ls* lead
to an appreciable improvement of the tensile strength of about 16–17%, whereas no
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further beneficial effects are observed by the use of overlap length equal to triple the
minimum value. A more detailed analysis of the experimental results shows that the
configuration with ls=3ls* leads to a joint strength slightly less than that of the con-
figuration with ls=2ls*; such a result is essentially due to the well-known saturation of the
joint capacity to bear tensile load and, at the same time, to the unavoidable increase of the
adhesive defects (voids etc.) consequent to the wider extension of the bonded surfaces. In
other words, the increasing of the overlap length beyond the value 2ls* is not useful so
that, in the following analysis, only the two overlap lengths equal to ls* and 2ls* will be
considered.

Weaker results respect to aluminum and CFRP, have been always obtained for the
joints having insert made by 316 stainless steel; in fact, as it can be observed from Table 2
and Figure 5(d), for all the examined overlap lengths the joint strength is always lower
than the corresponding results relative to both aluminum and CFRP inserts. Such weaker
results are not justified by the higher joint unbalancing produced by the stainless steel
insert (S = 28.0), since it is well known that unbalancing increments with values superior
to about 10, does not lead to significance joint strength reduction (saturation effect of the
unbalancing); they instead can be reasonably justified by the typical relatively low
adhesion between epoxy adhesives and steel (the high adhesion between epoxy adhesive
and aluminum is well known in all the specialized literature, whereas the high adhesion
for the CFRP insert is simply justified by the same epoxy nature of the CFRP matrix and
the structural adhesive considered). For this reason, only the aluminum and CFRP insert
will be considered in the following sections to detect the optimal joint configuration, also
by considering the bending loading.

Figure 4. Tensile test of a joint specimen having insert made by aluminum and overlap length ls=
ls*=23 mm.
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Figure 5. (a). Tensile tests curves for specimens with aluminum and CFRP insert, having overlap
length equal to ls*. (b). Tensile tests curves or specimens with aluminum and CFRP insert, having
overlap length equal to 2ls*. (c). Tensile tests curves for specimens with aluminum and CFRP insert,
having overlap length equal to 3ls*.(d). Tensile tests curves for specimens with 316 stainless steel
insert having overlap length equal to ls*, 2ls* and 3ls*.
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Table 2 permits to observe that the configuration with the CFRP insert and ls = 2ls*
exhibits the higher ultimate tensile load, with an appreciable increment respect to the
aluminum case of about 18% (from 15.08 N to 16.99 N). Taking into account that, as
already above mentioned, the higher stiffness unbalancing does not lead to significance
strength variation, this result is probably due to the increment of the joint stiffness given
by the stiffer CFRP internal adherent, with consequent beneficial decrement of the peel
stresses, that are not considered by the BJT. Therefore, the configuration with CFRP insert
and ls = 2ls*, can be considered the optimal one if the joint is subjected to tensile loading;
this configuration exhibits also the maximum failure energy (about +20% respect to the
aluminum insert case) and then the maximum performance in term of damage tolerance.
This last condition is very appreciated in modern industrial design, especially in the
presence of operating conditions in which the catastrophic damage of the joint can cause
harm to human life (aeronautical, automotive and naval fields).

Finally, in accordance with the BJT that predicts that the joint failure starts always from
the attach point of the less stiff adherent (the face sheets in the examined cases), the
experimental analysis has shown that in all the examined cases the joint failure is due to
the delamination of the insert-adhesive interface that starts always at the point A (see
Figure 6), i.e. at the attach point of the face sheets. In more detail, the visual analysis of the
delamination has shown that initially it growth in a stable manner, then it soon becomes
unstable after a few millimeters.

Bending tests

Four-point bending tests have been performed by using specimens having geometry
qualitatively described in the previous Figure 3. In more detail, taking into account the
tensile strength of the face sheets and of the shear strength of the core, in order to assure

Figure 5. Continued.
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the failure of the joint and not of the core (due to the shear loading), the length of the
bending specimens has been fixed to lspec = 220 mm, the support span to lb = 180 mm,
whereas the load span to lp = 95 mm.

Also in this case, to ensure the correct polymerization of the adhesive after the bonding
procedure, the specimens have been subjected to a cure cycle at 60°C for 12 h, and
successive micrographs of the joint section have corroborated the presence of an adhesive
layer having the expected thickness ηa = 0.25 mm.

The bending tests have been carried out in displacement control with a crosshead speed
of 1 mm/min. The following Figures 7 and 8 show, respectively, the load-displacement
curves for tests with aluminum (Figure 7) and CFRP insert (Figure 8).

Table 3 shows synthetically the results of the four-point bending tests on the analyzed
joints in terms of ultimate load, stiffness and ultimate energy.

Figure 7. Bending test curves for the joints having aluminum insert with overlap length ls=ls* and
ls=2ls*.

Figure 6. Failure process under tensile loading: the image shows that the delamination begins from
point A.

12 Journal of Sandwich Structures & Materials 0(0)



Fromboth Figures 7 and 8, and fromTable 3 it is possible to observe how in this load condition
(bending), for both aluminum andCFRP inserts, the redouble of the overlap length leads to a joint
strength increment of about 13–15%. Also, respect to the configuration with aluminum insert, the
configuration with CFRP insert leads to a further strength increase of about 16%.

The following Figures 9 and 10 show the damaged specimens (with aluminum and
CFRP insert, respectively) at the end of the bending test. From these figures it is possible
to observe how in any case (aluminum insert or CFRP insert and any overlap length), the
joint damage process consists of a progressive debonding between the insert and adhesive;
in detail, such debonding always occurs on the side of the positive bending stresses and,
unlike tensile case, it starts from point B, i.e. at the attach point of the stiffer adherent
(insert), as can be observed clearly from Figure 9. Moreover, the experimental observation
has shown that, unlike tensile case, for prevalent bending condition the delamination
involves the immediate unstable crack growth on the entire insert/adhesive interface.

As shown in Figure 10, due to the higher stiffness increment given by the CFRP insert,
the damage of the specimen always occurs with the complete propagation of the de-
lamination at the adhesive-insert interface, accompanied by a low opening of the crack.

Table 3. Results of four-point bending tests.

Insert material
2024-T3 aluminium
alloy CFRP

Overlap length ls = ls* ls = 2ls* ls = ls* ls = 2ls*
Average ultimate load [kN] 1.62 1.86 1.90 2.15
Average joint stiffness [kN/mm] 0.22 0.27 0.26 0.34
Average ultimate energy [kN�mm] 6.44 6.76 7.16 7.33

Figure 8. Bending test curve for the joints having CFRP insert with overlap length ls=ls* and ls=2ls*.

Marannano and Zuccarello 13



Synthetically, it is possible to state that the experimental tensile and bending tests have
shown that the optimal configuration of the proposed adhesively bonded joint to be used
for GFRP face sheets/PVC core sandwich, is that constituted by CFRP insert having an
overlap length equal to 2 time the minimum overlap length given by the classic BJT (Eq.1-
3). In detail, moving from the aluminum insert with an overlap length equal to the value
given to the theory to this optimal configuration the joint strength increases of about
+35%. Also the comparison of the specific average ultimate load (566 N/mm, see Table 2)
with that of the different simple bolted (140 N/mm), simple bonded (300 N/mm) and
hybrid configurations (480 N/mm) presented in literature (above already considered in the
introduction section), confirms the high performance of the proposed joint with im-
provements ranging from +36% to +400%.

Numerical analyses

In order to detect the relationship between the joint strength and the shear and peel stress
distributions occurring at the insert-adhesive interface zone near the attach point of the
face sheets, where the experimental tests indicate the beginning of the delamination
process that leads to the joint failure, accurate FE simulations have been carried out in the

Figure 10. Four-point bending test: typical failure mode of the specimens with CFRP insert.

Figure 9. Four-point bending test: typical failure mode of the specimens with aluminum insert.

14 Journal of Sandwich Structures & Materials 0(0)



ANSYS APDL environment. In detail, a two-dimensional parametric model of the
analyzed joints has been realized by reproducing the sandwich composite and the inserts
bonded by a 0.25 mm adhesive layer (all the other mechanical properties of the different
materials simulated, have been token from Table 1). Also, the actual stress-strain curves
provided by the manufacturer was used to simulate the mechanical characteristics of the
structural adhesive. The modeling of the cohesive area was achieved by means of contact
elements by determining the normal (opening) and tangential (sliding) relative dis-
placements between opposite interface points.20 As shown in Figures 11(a) and (b), (a)
bilinear cohesive zone model was used for the damage formulation, respectively for mode
I (peel stresses, σ) and mode II (shear stresses, τ) loading.

As shown in Figure 11a, the relationship between the normal stress (σ) and the normal
displacement (δ) starts with a linear elastic loading (line OA). The debonding phase
begins when the normal stress reaches the point A and it continues until the complete
nodes separation; in more detail, δn and δn,max represent, respectively, the normal dis-
placement opening at the maximum value of the tensile normal contact stress and the
normal opening corresponding to complete debonding. A similar approach is represented
in Figure 11b for the shear stress (τ). It is therefore possible to define a damage parameter
(Dn for the normal stress and Dt for the shear stress) which links the initial stiffness of the
adhesive layer (Kn and Kt respectively) to that of the damaged material (se also Figures
11(a) and (b)):

Kn,P ¼ ð1� DnÞKn; Kt,P ¼ ð1� DtÞKt (4a,b)

The area under the curve OAC represents the critical strain energy release rate Gnc and
Gtc for mode I (Figure 11(a)) and mode II (Figure 11(b)) loading, respectively. In particular:

Gnc ¼ 1

2
σmaxδn, max (5)

Gtc ¼ 1

2
τmaxδt, max (6)

Figure 11. Bilinear cohesive zone model for mode I (a) and mode II (b) loading.
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where σmax = 42 MPa, τmax = 23 MPa, δn,max = 0.007 and δt,max = 0.045 mm.21 It is
possible to observe how the value of the displacement corresponding to the complete
debonding under normal (peel) stress is very lower than that relative to the shear stress; in
other word, the ductile adhesive exhibits a noticeable elasto-plastic behavior under shear
loading with a significant damage tolerance but, at the same time, it exhibits a limited
elasto-plastic behavior under normal (peel) loading with a more limited damage tolerance.
In the present study, the damage of the specimens occurs in a mixed mode and, therefore,
the complete debonding takes place when the condition provided by Eq.7 is obtained:�

Gn

Gnc

�2

þ
�
Gt

Gtc

�2

¼ 1 (7)

where Gn and Gt correspond to the strain energy release rate for mode I and II loading
conditions.

The numerical model was discretized with PLANE182 two-dimensional elements. The
areas affected by the damage evolution, have been modeled separately so that, along the
interface, there are distinct nodes even if in the same geometric position. A key option is
defined to ensure an initial bonded interface contact.

Particular attention was paid to the definition of the size of the finite elements: in this
regard, an initial optimization was carried out to define the minimum size of the elements
and, therefore, to guarantee a good accuracy of the results, a mesh refinement in the areas
where stress concentration points are located (minimum element size equal to 1/100 mm)
was also introduced properly.

Tensile analysis

Figure 12 shows a detail of the discretization of the model realized in order to simulate the
tensile tests of the various cases experimentally examined. A sufficient estimation of the
dimension of the finite elements can be obtained immediately by considering that the
thickness of the adhesive layer (in red in Figure 12) is equal to 0.25 mm.

Figure 13 shows the shear stresses along all the adhesive-insert interface (path A-B in
Figure 2), given by FE analysis performed by simulating the tensile test by applying the
failure load relieved experimentally. The data are reported as a function of the dimen-
sionless ratio x/ls, where x is the generic longitudinal coordinate (coordinate system is
shown in Figure 2), while ls is the overlap length. The curves are referred to the two
materials considered for the inner insert (aluminum and CFRP), as well as to the two
distinct overlap lengths ls* and 2ls*. For the four cases so considered, the graph of Figure
13 shows also the shear stresses at the adhesive-adherent interface provided by the theory
proposed by Tsai et al.14 This theory takes into account the adherent shear deformations
but considers a linear elastic behavior for the adhesive.

In accordance with the classical BJT, Figure 13 first shows that, due to the joint
stiffness unbalancing, the shear stress distributions are highly asymmetrical, with absolute
maximum values on the attach edge of the more yielding adherent, i.e. of the face sheets
(point A in Figure 2).
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Also, a good agreement is observed between theory and numerical results except,
obviously, around point A, where the theory describes relatively high stress values due to
the hypothesis of linear elastic behavior of the adhesive. In detail, in accordance with the
effective elastic-plastic behavior of the adhesive and the bilinear cohesive zone model
used, the shear stresses near point A, show a quasi-horizontal trend tending to the failure
shear stress of the adhesive σR,a.

Figure 13. Tensile tests simulation of the examined joints: shear stresses at the adhesive-face
sheet interface, obtained by means of FE analysis and analytic solution proposed by Tsai et al.

Figure 12. Discretization detail of the numerical model for the tensile test simulations.
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As expected by using a “point stress criterion” approach,22 the length of the segment
subjected in practice to the maximum shear stress at the incipient joint failure condition
(value that depends only to the properties of the adhesive being related to its damage
tolerance) is in practice the same for all the joints examined. From Figure 13, (a) value of
about 2.6 mmm is relieved in detail for this characteristic distance (about 0.11.x/l for ls =
ls* = 23 mm, and about 0.055.x/l for ls = 2ls* = 46 mm). Also, in the case of overlap length
equal to double the theoretical minimum value, Figure 13 shows that, as predicted by
BJT,1,2 the stress distribution in the centerline assumes significantly lower values, that
leads to a higher joint reliability due to a higher compensation of the bondage defects, that
in general increases in the internal zones of the bonded surface.

However, as above observed from the experimental results, although under simple
tensile load the shear stresses are the predominant ones, they alone cannot justify the
actual joint strength, that depends also to the coexisting peel stresses. For this reason,
Figure 14 shows the peel stresses distribution at the insert-adhesive interface for the
examined case of joint subjected to tensile loading. From Figure 14 it is seen how in the
area close to point A, such stresses take negative values that change sign quickly by
moving away from this point; in all the examined cases the maximum positive values
occur at about 5.5 mm from the free-edge, and they are always slightly lower for the CFRP
joints.

Also, although the numerical simulations indicate that the peel stresses exhibit a high
peak near the attach edge of the internal adherent (point B in Figure 2), in accordance to
the experimental evidence, other than in accordance with the BJT, it is possible to state
that such very high stress concentration does not lead to actual failure phenomena.

However, the separated observation of the shear and peel stress distribution cannot
allow the accurate prediction of the actual mechanical strength of the generic examined
joint, since it depends on their proper combination. The following Figure 15 shows the
distribution of the Ye index Y (see Eq.8) commonly used as failure parameter in the well-

Figure 14. Peeling stresses at the adhesive-insert interface, under tensile loading by varying the
insert material and the overlap length.
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known Ye delamination criterion,23 usually applied to adhesively bonded joints subjected
to shear and peel stresses, i.e.:

Y ¼
�
τxy
τR, a

�2

þ
��

σy

�
σR, a

�2

(8)

in which the parenthesis < > indicates that only the actual peel stress, i.e. only the
positive values of σy have to be considered (the beneficial effects of compressive normal
stresses are conservatively neglected).

The examination of Figure 15 shows that in incipient failure conditions under simple
tensile loading, the extension of the plateau of the unitary Ye index value that occurs near
the attach point of the less stiff adherent (face sheets, point A in Figure 2), is in practice the
same above relieved for the shear stress alone, i.e. about 2.6 mm. Consequently, it is
possible to state that, due to the elastoplastic behavior of the structural adhesive con-
sidered, the Ye delamination criterion can be advantageously used along with the point
stress criterion23 with a characteristic adhesive damage tolerance distance do=2.6 mm, for
an accurate prediction of the joint tensile strength. In other word the tensile strength
assessment of the optimal joint considered, is satisfied if:

Y ð2:6, 0Þ ¼
�
τxyð2:6, 0Þ

τR, a

�2

þ
�
σyð2:6, 0Þ

σR, a

�2

< 1 (9)

Bending analysis

Figure 16 shows a detail of the discretization of the model realized in order to simulate the
bending tests of the various joints experimentally examined. In order to reduce the

Figure 15. Ye index distribution at the insert-adhesive interface for the examined cases under
tensile loading.
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computational time, only half model has been considered by introducing symmetry
constraints.

The following Figures 17 and 18 show, respectively, the shear and peel stresses
distribution along the adhesive-insert interface (path A-B in Figure 2) given by FE
analysis for the four-point bending loading case.

In accordance with the previous experimental results, also in this case the numerical
simulations show that the joint configuration consisting of CFRP insert and overlap length
equal to double the theoretical minimum value, exhibits lower stresses at the internal
bonded zones, i.e. the increase of the overlap length leads also to a more reliable joint.

Figure 17. Shear stress distribution at the insert-adhesive interface under four-point bending
loading.

Figure 16. Discretization detail of the numerical model used for the four-point bending test
numerical simulation.
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However, it is seen clearly how, unlike prevalent tensile load, also for very unbalanced
joints, the bending loading does not lead to appreciable peel or shear stress unbalancing.
Although in this case (bending) in accordance with the experimental observations, the
attach point of the insert (point B) is candidate as the point where the failure start (it
exhibits significant peel stresses whereas point A exhibits beneficial compression
stresses), a reliable strength prediction can be obtained always by taking into consid-
eration a proper combination of the shear and the peel stresses. A comparative

Figure 19. Ye index distribution at the insert-adhesive interface for the examined cases under
bending loading.

Figure 18. Peel stress distribution at the insert-adhesive interface under four-point bending
loading.
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examination of the peel stress for tensile and bending loading shows that they are always
higher for the bending case, so that in this case they have a greater influence on the joint
failure. In order to examine the combined influence of shear and peel stresses, the
following Figure 19 shows the distribution of the Ye index defined by the Ye delamination
criterion represented by Eq.8, for all the joints examined under bending loading.

The examination of Figure 19 corroborates that unlike simple tensile loading, under
simple bending loading the most stressed point is the B one, i.e. the attach point of the
stiffest adherent (insert). A detailed analysis of the Y distribution near this point cor-
roborates that also for prevalent bending loading, the CFRP joint with ls = 2ls*is the
optimal one; in fact, as shows clearly Figure 19, the maximum gradient (and then the
minimum extension of the damaged zone) is related to the CFRP joint with ls = 2ls*,
whereas lower gradients occur for CFRP with ls = ls*, aluminum with ls = 2ls* and
aluminum with ls = ls*.

Also, in accordance with the already observed lower damage tolerance of the adhesive
respect to the peel stress, as well as with the higher importance of the peel stresses in the
examined case of prevalent bending loading, the dimension of the damaged zone near
point B is relatively small, so that in this case a classical maximum stress approach can be
used for the accurate strength assessment.

Finally, it is possible to state that for both loading cases, tensile or bending, the optimal
configuration of the proposed joint is in practice that constituted by a CFRP insert with
overlap length equal to 2ls*. The damaging process involves in any case the delamination
of the insert-adhesive interface that start from point A in presence of prevailing tensile
load, from point B in presence of prevailing bending load.

However, although the simple bending load case leads to higher stress gradients, the
limited damage tolerance of the adhesive in presence of noticeable peel stress strength
means that in this case an accurate strength prediction can be performed simply by using
the classical approach of the maxim stress limitation, and the “point stress” approaches are
not necessary.

Consequently, it is possible to state that in presence of loading conditions in which both
tensile and bending loading are important, the strength assessment of the joint have to be
carried out by considering two distinct conditions: (a) the delamination starting from point
A by using the so called “point stress” approach along with YE delamination criterion,
and (b) the unstable delamination starting from point B, by using the classical approach of
the maximum stresses along with the Ye delamination criterion.

Conclusions

In conclusion, it is possible to state that the experimental and numerical analyses carried
out by tensile and bending test, have shown that the optimal configuration of the proposed
end double-lap joint is in practice constituted by a simple insert CFRP that substitutes a
segment of the internal PVC foam core and is bonded to the GFRP face sheets by epoxy
adhesive. In more detail:
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1. For any loading condition (tensile or bending or their combination), the use of an
overlap length equal to double the optimal value provided by the classical theory of
bonded joint, allows to increase significantly the joint strength (+35% at least),
thanks to its higher bending stiffness that permits to reduce the peel stresses, as
well as to the good compatibility between CFRP and the epoxy structural adhesive.

2. Respect to the two alternative metallic materials considered for the insert, as the
lightweight aluminum and the corrosion resistance AISI 316 stainless steel, the
CFRP insert is the more lightweight and leads also to the maximum failure strain
energy, i.e. it allows to optimize also the damage tolerance of the joint.

3. In presence of prevalent tensile loading, the peel stresses are relatively low and the
joint strength is governed mainly by the maximum shear stress that, in accordance
with the theory, occurs at the free edge that corresponds to the attach point of the
face sheets (less stiff adherent). Due to the relative high tolerance of the epoxy
adhesive due to shear stresses, the experimental evidence shows that the joint
failure occurs after a stable insert-adhesive interface delamination. In more detail,
the FE simulation performed by using a bilinear cohesive zone model for the
damage formulation, has permitted to observe that in prevalent tensile loading
condition an accurate joint strength prediction is obtained by using the Ye criterion
to combine peel and shear stresses, along with the point stress method with a
characteristic distance do=2.6 mm (value related essentially to the properties of
the structural adhesive used).

4. In presence of prevalent bending loading, instead, the peel stresses take relatively
high positive values at the attach point of the insert (stiffer adherent). In accordance
with the lower tolerance of the epoxy adhesive to the damage due to peel stresses,
the joint failure follows an insert-adhesive unstable delamination that, as indicated
clearly by the numerical simulations, occurs in practice when the Ye index reaches
its unitary limit value. Consequently, under prevalent bending loading conditions,
accurate joint strength predictions are obtained by the simple use of the Ye criterion
along with the classical maximum stress approach.

5. Consequently, in the general case in which the joint is subjected to contemporary
tensile and bending loading, an accurate joint strength prediction must consider the
two distinct failure modes and then two distinct assessments. In other word, (a) the
assessment of the failure due to stable delamination starting from the attach point
of the face sheets, performed by using the so called “point stress” approach along
with the Ye delamination criterion, and (b) the assessment of the unstable de-
lamination starting from the attach point of the insert, performed by using the
classical approach of the maximum stresses along with the Ye delamination
criterion.
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