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A B S T R A C T

A numerical study on toughening laminated composite materials against delamination by
initiating multiple interlaminar cracks is presented. Different configurations of interface tough-
ening and weakening patches, that modify the interface properties at selected locations,
are investigated as a way to trigger multiple delaminations. Both interface toughening and
weakening patches can be configured to toughen the laminated material by initiating multiple
delaminations. The initiation of multiple delaminations and the increase in toughness depend
on the interface strengths and toughness of the patches. The main mechanisms behind the
initiation of multiple delaminations for both cases are presented. An adaptive refinement
method implemented within a Matlab Finite Element Analysis code that models the interfaces
of the laminate with cohesive elements is used for the analyses. The adaptive refinement
framework allows efficient analysis of multiple delaminations with very fine meshes at the wake
of the crack tips. A discussion on the overall performance of the toughening concept, and the
main parameters affecting the results, i.e. the length of the interface toughening or weakening
patches, the distance of the substrate between the affected interfaces, and the material’s
mechanical properties, is carried out. The results presented in the paper show that a toughening
effect against delamination can be achieved using interface toughening or weakening patches
to onset multiple delaminations.

. Introduction

Delamination is the separation of the layers in a laminated fibre reinforced polymer (FRP) and constitutes one of the main damage
odes leading to the final failure of a composite structure. Delamination is initiated by e.g. intralaminar damage, geometric details,
anufacturing defects or out-of-plane loading, and propagates in the interface between the laminate’s layers [1–4]. Delamination

racks may propagate under quasi-static and fatigue loading conditions [5–8], and can be difficult to detect and address once the
tructure is in use [9]. Therefore, it is important to avoid the initiation and propagation of such cracks.

Several methodologies have been proposed in the literature to toughen interfaces against delamination or to avoid its initiation.
n [10,11] it is proposed to change the lay-up stacking sequence to reduce inter-laminar stresses, which in turn reduces the likelihood
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of delamination initiation and propagation. Fibre bridging is also known to toughen the interface against delamination as shown
in [12–15]. Moreover, delamination is driven at the micro-mechanical scale by matrix fracture and fibre–matrix detachment, which
means that modifications of the constituent materials of the laminate, i.e. fibre or matrix, can result in a tougher interface. Both a
tougher matrix [16–22], or an improved matrix–fibre interface [23–30] can toughen the interface. However, modifying the matrix
can affect the wetting and infusion properties, while modification of the fibres may reduce the in-plane mechanical properties
of the laminate. In addition, improvement of the matrix–fibre interface may induce premature failure of bridging fibres, thus
reducing the fibre bridging toughening effect [31]. An approach based on engineering thin-plies of fabric with laser micro-cuts,
have shown improved in-plane and interlaminar fracture toughness [32,33]. Multiscale composites that combine fibres at the nano
and macro scale levels [34] have been proposed to obtain tougher matrices [35–41] by the inclusion of nanoparticles or nanofibres.
Finally, adding a thin layer of nanoscale fibres fabric between layers, a technique called interleaving, has been recently used
with an increase in toughness and strength but at a high economic cost [42–44]. Interface toughening is also achieved through
thickness reinforcement methods such as stitching laminae together [45–48], z-pinning [49–52], 3D woven fabrics [53–55], or
interlocking mechanisms [56]. Although a considerable increase in interface toughness and strength is achieved through thickness
reinforcement methods, a considerable degradation in the in-plane properties is also observed [45,51]. Finally, interface toughening
can be achieved by interleaving a thin polymeric based layer between the layers in a laminate, which results in an increase in
toughness and strength without changing the in-plane properties [57–69]. However, using them at the structural scale in all the
interfaces susceptible to damage is currently economically unfeasible.

Recent research presented in [70–72] explore the possibility of toughening the structure against delamination by purposely
nitiating multiple delaminations in the structure. More energy can be dissipated by increasing the area of the newly formed crack
urfaces achieving a toughening effect. In [70] a combined numerical–analytical study is presented on a moment loaded DCB
pecimen with a weakened interface that successfully achieves multiple delaminations. A gain factor ranging between 1.2 and 1.9
n the energy release rate 𝐺 calculated using the J-integral is obtained depending on the thickness of the substrate between the
elaminating interfaces. The same observations have been made in [73], where tailored defects are placed at a secondary interface
f the laminate. Similarly, while studying laser patterning toughening of post-cured adhesive bonding of laminates, [74] observes
hat bridging adhesive ligaments between the joined laminates increase the toughening effect of their bonding approach greatly.
his effect is thoroughly studied in [75] where the source of the bridging ligaments is identified to be the variability of the interface
oughening provided by the laser patterning. A strategy of alternating patches of pattern-toughened and pristine laminated interface
s proposed in [76] to control the creation and location of the bridging ligaments.

In this work, a numerical study is performed on the promotion of multiple delaminations and its toughening effects on laminates
sing the ideas from [74–76]. A DCB specimen under displacement control featuring a main interface with a pre-crack and a
econdary undamaged interface is used. The interfaces are modelled with a Cohesive Zone Model (CZM) from [77,78] and the
daptive refinement formulation presented in [79], with some modifications, is employed. Two different approaches are considered.
irstly, the approach followed by [70–72] is explored with the inclusion of interface weakening patches in a secondary interface
f the DCB. Remark, a patch of finite length with weakened interface material properties is modelled, instead of a fully weakened
lane. Secondly, the initiation of multiple delaminations by placing interface toughening patches is studied using a model with an
nterface toughening patch placed at the main interface of the DCB. The interface weakening and toughening patches are modelled
s areas in the interface with reduced or augmented onset strength and critical energy release rate. The objectives of the presented
tudies are, firstly, to assess the feasibility of promoting multiple delaminations with interface toughening/weakening patches in
he laminate. Secondly, to provide a detailed qualitative study of the multiple delamination initiation and subsequent propagation
f the newly created delamination crack tips for the interface weakening and toughening patch cases.

The manuscript is organized as follows. Section 2 briefly outlines the method from [79] and the modifications done to model
elamination onset. Section 3 presents the numerical testing protocol detailing the specimen, material and mesh used in the different
umerical tests. The results of such tests are detailed in Section 4 while Section 5 discusses the findings of the presented work.
oncluding remarks are done in Section 6.

. Methods

The analyses in this work are conducted using the adaptive refinement method presented in [79] implemented in a Matlab
EA code, which offers some key advantages. Firstly, [79] features an efficient adaptive mesh refinement using a floating node
ethod suitable for numerical studies with a high number of analyses. Secondly, the in-house code implementation in Matlab offers

he required flexibility to quickly set up a large number of analyses and gather all the necessary data for the post-processing of
he results. Crack initiation capabilities are developed and added to the adaptive refinement method from [79] as such feature is
eeded in this study to simulate initiation of multiple delaminations. This section briefly outlines the adaptive refinement method,
he particular modifications that allow the initiation of new delaminations, and the underlying FE formulations for completeness
nd reproducibility of the results. Remark, that in this work, a cohesive interface is referred to as any interface that is discretized
ith cohesive elements and therefore, susceptible to undergo delamination.

The method presented in [79] is capable of adaptively refining the structure by combining the Adaptive Refinement Scheme
ARS) and the Adaptive Floating Node Method (A-FNM) element. The A-FNM element can refine and coarsen itself while including
ew cohesive interfaces discretized with cohesive elements (CEs). The specimen is meshed with a single A-FNM element through
he thickness which, in the presented studies, can contain two cohesive interfaces as shown in Fig. 1a. During the analysis, the ARS
2

ssigns each A-FNM element interface an interface state that depends on the interface cohesive damage variable 𝑑. The available
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Fig. 1. Adaptive Floating Node Method (A-FNM) element interface states of the specimen shown in (a), after applying the Adaptive Refinement Scheme (ARS)
for a single delamination (b), and after initiation of multiple delaminations (c).

Fig. 2. Partitions on the A-FNM element triggered in this work analyses’.

interface states are (1) Fully damaged, (2) Refined, or (3) Coarse, as shown in Fig. 1b and c. Subsequently, the A-FNM element is
refined or coarsened, depending on the A-FNM element interfaces states, creating several Sub-Elements (SEs) as shown in Fig. 2.
This ensures a correct discretization of all the interfaces in the model, and thus providing accurate results with low computational
cost. Modifications are only necessary in the ARS to model the initiation of new delaminations.

Preallocation of cohesive elements at any pristine interface has been added in contrast to [79], where cohesive elements were
only inserted in the vicinity of a crack front. The ARS is applied, including the aforementioned modification, at each iteration of
the Newton–Raphson solver as detailed in [79]. In this way, the ARS naturally refines the cohesive interfaces in the A-FNM element
where damage may be initiated. For instance, in the early stages of the analysis in Fig. 1b, the cohesive interfaces are refined in the
A-FNM elements adjacent to the A-FNM element that includes the crack tip. The fine discretization accurately allows the eventual
initiation of damage, creating multiple new crack tips as seen in Fig. 1c. In this way, the ARS algorithm keeps refining the area
around the crack tips following the logic outlined in [79].

The relevant configurations that the generic A-FNM element (Fig. 2a) will undertake in the studies of the current work are
exemplified in Fig. 2b and c. Note, that the element can be refined further in the horizontal direction creating more SEs. The A-
FNM element stiffness matrix is assembled after activation of the floating nodes [79] from the different SEs’ stiffness contributions
calculated using standard FE formulations. Solid SEs use the 2D linear plane strain Enhanced Assumed Strains (EAS) equivalent single
layer 4-node element, named EAS4 and detailed in [79], which corrects the shear-locking in bending dominated situations featuring
coarse discretizations. Cohesive SEs are formulated as 4-node zero thickness cohesive SEs following the formulation from [77,78]
for analysis of delamination initiation and growth under mixed-mode loading conditions. The bilinear cohesive law shown in Fig. 3
is used.

3. Numerical testing protocol

Two sets of numerical tests have been devised featuring a single interface toughening or weakening patch using the specimen
3

shown in Fig. 4. Both mode I and mode II critical energy release rates 𝐺𝑐 , or onset tractions, 𝜏0, are scaled equally compared to the
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Fig. 3. Bilinear cohesive law used in the analyses, [77].

Fig. 4. Specimen, with an interface weakening or toughening patch, and boundary conditions used in the analyses. Units in [mm].

Fig. 5. Mesh of A-FNM elements used for the analyses. Units in [mm].

Table 1
Base material properties used in the analyses [81–83].
Material properties Interface properties

𝐸11 120 [GPa] 𝐺𝐼𝑐 260 [N/m]
𝐸22 = 𝐸33 10.5 [GPa] 𝐺𝐼𝐼𝑐 1002 [N/m]
𝐺12 = 𝐺13 5.3 [GPa] 𝜏𝐼0 30 [MPa]
𝐺23 3.5 [GPa] 𝜏𝐼𝐼0 60 [MPa]
𝜈12 = 𝜈13 0.3 [–] 𝜂 2.73 [–]
𝜈23 0.51 [–] 𝐾 30e6 [N/mm3]

baseline fracture properties to limit the number of simulations. The following nomenclature is used in the analyses:

(𝐺𝑐 ⋅ 𝑛, 𝜏0 ⋅ 𝑚) ⟹ Interface toughening patch with 𝐺𝑐 and 𝜏0 multiplied by a factor of 𝑛 and 𝑚, respectively

(𝐺𝑐∕𝑛, 𝜏0∕𝑚) ⟹ Interface weakening patch with 𝐺𝑐 and 𝜏0 divided by 𝑛 and 𝑚, respectively

Remark, that 𝐺𝐼𝑐 and 𝐺𝐼𝐼𝑐 are scaled equally with the factor 𝑛, and 𝜏𝐼0 and 𝜏𝐼𝐼0 are scaled equally with the factor 𝑚. In the B–K
criterion 𝐺𝑐 and 𝜏0 at mixed mode conditions also scale linearly with the same factor as the pure mode quantities 𝐺𝑐𝐼 , 𝐺𝑐𝐼𝐼 , 𝜏0𝐼 , and
𝜏0𝐼𝐼 . A set of 50 different configurations featuring an interface toughening or weakening patch are analysed by varying the integer
multipliers 𝑚 and 𝑛 independently from 1 to 5. Only the patched interface 𝐺𝑐 and 𝜏0 parameters are modified, while keeping the
other interface properties at the baseline values (𝐺𝑐 ⋅ 1, 𝜏0 ⋅ 1).

All the numerical tests performed use the material properties defined in Table 1. Note, that the cohesive properties in Table 1 are
used at every cohesive interface of the model outside of the interface weakening or toughening patches. In the patched areas, the
properties are modified according to the specification of each analysis. The mesh of A-FNM elements is shown in Fig. 5. The relation
between cohesive properties proposed in [80] is used to obtain energetically consistent results under mixed-mode conditions. The
ARS parameters are set up such that there is always a single refined extra element at each crack tip in the damage growth direction.
A cohesive SE size of 0.083 mm in the longitudinal direction is specified meaning that a minimum of 4 cohesive SEs are discretizing
each Damage Process Zone (DPZ) during the analysis. The fine mesh is required to obtain smooth results as some of the analyses
feature a small DPZ due to the high onset traction in the patch area. The reader is referred to [79] for further details on the selection
of the adaptive refinement method parameters.
4
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Table 2
Outcome results matrix for the interface toughening patch cases. Note, that rows correspond to analyses with
the same 𝐺𝑐 and columns with the same 𝜏0.

Table 3
Outcome results matrix for the interface weakening patch cases. Note, that rows correspond to analyses with the
same 𝐺𝑐 and columns with the same 𝜏0.

4. Results

The results from the different analyses with either an interface toughening or weakening patch are gathered in this section and
rganized in three parts. Firstly, an overview of the general response of the analyses is given, outlining the commonalities between
hem. Then, a detailed qualitative analysis of the mechanisms behind the initiation of multiple delaminations is provided for both
nterface weakening and toughening patch approaches. Later, the propagation stage after the initiation of multiple delaminations is
nalysed. Finally, parameter studies show the effect of changing the laminate material, the thickness of the lamina between the main
nd secondary interfaces, or the length of the patch. Remark, that animations of the deformed mesh, mode decomposed tractions
nd damage state variable evolution can be downloaded in the online version of the paper.

.1. General response

Three clear stages can be defined in the load–crack mouth opening displacement (CMOD) equilibrium curves of the analyses
hown in Figs. 6 and 7. The CMOD is defined as (2 ⋅ 𝑢), where the displacement 𝑢 is shown in Fig. 4. All the analyses start with
single delamination stage 1⃝, shown in Fig. 8(a), followed by the potential initiation of multiple delaminations in stage 2⃝. This

econd stage is characterized by a variation of the structure response with toughening and force drop phases, compared to the single
elamination case. The specimens with an interface toughening patch show a higher force peak while the specimens featuring an
nterface weakening patch contain a small force drop at the beginning of the load–displacement curve toughening part at stage 2⃝.
he behaviour at the propagation stage of the analyses 3⃝ is determined by whether multiple delaminations have been initiated and
hich of the crack tips are propagating. For the interface toughening patch analyses, three outcomes are possible:

• Outcome (1) multiple delaminations are not initiated (Fig. 8(b)).
• Outcome (2) multiple delaminations are initiated and propagation occurs in a crack tip located at the secondary interface

together with the initial crack tip at the main interface as displayed in Fig. 8(c).
• Outcome (3) multiple delaminations are initiated and propagation occurs in the two crack tips initiated at the secondary

interface as shown in Fig. 8(d).

he same is valid for the interface weakening patch analyses with the difference that only outcome (2) is possible (Fig. 8(c)) when
ultiple delaminations are initiated. A compilation of the outcome from the 50 analyses organized in a matrix form in Tables 2 and
, where the rows correspond to analyses with constant 𝐺𝑐 while columns correspond to analyses with constant 𝜏0.

4.2. Initiation of multiple delaminations

The initiation of multiple delaminations plays a critical role in the toughening effect of the structure. Results of the analyses show
that multiple delaminations are created by a combination of damage initiation and the promotion of damage growth, i.e. increase
in the amount and extension of damage once initiation has occurred. Damage initiation is directly linked to the modification of the
onset traction in the interface weakening and toughening patches. The modification of the critical energy release rate produces the
growth of damage and eventual initiation of multiple delaminations. However, some differences between the multiple delaminations
5

initiation mechanisms arise between the interface toughening and weakening patch analyses.
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Fig. 6. Load–CMOD equilibrium curves of the analyses using an interface toughening patch.

Fig. 7. Load–CMOD equilibrium curves of the analyses using an interface weakening patch.

A metric referred to as normalized traction is used to visualize the tractions during the initiation of multiple delaminations. The
normalized traction 𝜇̃ is defined as:

𝜇̃ =
𝜇
𝜇0

(1)

𝜇0 =
√

(𝜏𝐼0)2 + [(𝜏𝐼𝐼0)2 − (𝜏𝐼0)2]𝐵𝜂 (2)

where 𝜇 is the one-dimensional equivalent cohesive traction as defined in Fig. 3, and the cohesive onset traction 𝜇0 is defined
following a form of the Benzeggagh–Kenane (B–K) criterion, taking into account the mode mixity parameter 𝐵 [77]. The normalized
traction includes the effect that the local mode mixity has on the cohesive traction and the onset traction value 𝜏0, in a single metric.
Remark, that damage initiation occurs when the normalized traction reaches a value of 𝜇̃ = 1. In addition, the energetic equivalent
damage variable 𝐷𝑒 as presented in [83–86] is used to visualize the damage based on the relative energy dissipation in the CZ
because it behaves linearly in terms of the separation norm 𝜆𝐷:

𝐷𝑒 =
𝐺𝑐 −𝑤𝑟

𝐺𝑐
= 1 −

𝜆𝑐 (1 −𝐷)𝐾𝜆𝐷
2𝐺𝑐

(3)

where 𝑤𝑟 is the specific remaining ability to do non-conservative work, and 𝜆𝐷, 𝜆𝑐 are defined in Fig. 3.

4.2.1. Interface toughening patch
As seen in Fig. 6 and Table 2, solely increasing the interface toughness (𝐺𝑐) or onset traction (𝜏0) does not result in initiation

of multiple delaminations. A load–displacement curve is shown in Fig. 9(a) for the case of a toughening patch with increased onset
traction (𝐺𝑐 ⋅ 1, 𝜏0 ⋅ 3). Two points of interest are highlighted in Fig. 9(a): Just before the initial crack enters the toughening patch
1⃝, and when the main crack tip is about to overcome the patched area without initiating multiple delaminations 2⃝. Figs. 9(b) and

9(c) show the distribution of the normalized traction and damage variable 𝐷𝑒 at the two points of interest shown in Fig. 9(a) for the
analysis (𝐺𝑐 ⋅1, 𝜏0 ⋅3), in which only the onset tractions are increased. Notice, that the traction profile at 1⃝ shown in Fig. 9 contains
ne crack tip located at approximately 0.045 m, where the damage 𝐷𝑒 goes to 0. At point 1⃝, the normalized traction profile at the
ain interface is reproduced on the secondary interface as seen in Fig. 9(b) with a reduction in the peak value due to the elastic

ubstrate separating both interfaces. At the point of interest 2⃝, i.e. when the main crack front enters the interface toughening
atch, the normalized traction at the main interface increases with the subsequent increase in the traction profile reproduced at the
6
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Fig. 8. Deformed mesh at (a) single delamination stage, (b) end of the analyses with outcome 1, (c) end of the analyses with outcome 2, and (d) end of the
analyses with outcome 3. Zoomed segments with scaled deformations.

Fig. 9. Results from the analysis (𝐺𝑐 ⋅ 1, 𝜏0 ⋅ 3).

econdary interface. As the secondary interface conserves the nominal onset traction listed in Table 1, damage is initiated as shown
n Fig. 9(c) where normalized traction values are close to 1. However, the quantity of damage and the extension of the damaged
egion is too small to initiate multiple delaminations. Remark, that the discontinuity in the damage and traction profiles is produced
y the change in the interface properties between the standard and patched interface.

The results from the analysis (𝐺𝑐 ⋅ 3, 𝜏0 ⋅ 3) in Fig. 6 and Table 2 show that multiple delaminations are initiated in the secondary
nterface. Fig. 10 displays the normalized tractions and damage variable 𝐷𝑒 for the two points of interest shown in Fig. 10(a).
s expected, just before the main crack front enters the interface toughening patch (point 1⃝ in Fig. 10(a)) the traction profile

Fig. 10(b)) is the same as for the analysis (𝐺𝑐 ⋅ 1, 𝜏0 ⋅ 3). However, at point 2⃝ of Fig. 10(a) the traction profile shows a widened
amaged area in which the damage value has also been increased (Fig. 10(c)). This is a result of the secondary interface trying
o replicate the traction profile in the main interface, which now features an increased interface toughness, resulting in a longer
PZ and therefore a larger damaged onset area on the secondary interface. The increased DPZ creates a camel-like shape in the
7
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Fig. 10. Results from the analysis (𝐺𝑐 ⋅ 3, 𝜏0 ⋅ 3).

ormalized traction profile of the secondary interface, which is caused by the high damage state (Fig. 10(c)). Eventually, the full
amage state is reached, thus creating two separated crack fronts in the secondary interface.

The same mechanism is observed for all the analyses with an interface toughening patch that results in multiple delaminations
eing onset. Firstly, the increase in the traction value in the main interface is reproduced in the secondary interface. As the secondary
nterface properties are unmodified, the lower onset traction values (𝜏𝐼0 and 𝜏𝐼𝐼0) than the ones at the main interface produce damage

initiation. If a sufficiently large toughness (critical energy release rate 𝐺𝑐) in the main interface toughening patch is achieved, the
damaged area will be large enough to enable the initiation of two independent crack fronts, hence multiple delaminations.

4.2.2. Interface weakening patch
A similar mechanism of damage initiation occurs in the interface weakening patch cases. Equivalently to the interface toughening

patch case, Table 3 shows that only reducing the toughness by modifying 𝐺𝑐 does not produce multiple delaminations. However,
a substantial reduction of the onset traction 𝜏0 results in the initiation of multiple delaminations as can be seen in the analysis
(𝐺𝑐∕1, 𝜏0∕5). Fig. 11 shows the results of the analysis (𝐺𝑐∕1, 𝜏0∕2) in which an interface weakening patch is used that halves the
onset traction 𝜏0 of the interface in the patched area. Figs. 11(b)–11(d) show the traction norm 𝜇̃ and damage variable 𝐷𝑒 for
the three points of interest marked in Fig. 11(a). Just before the main crack front reaches the interface weakening patch at point
1⃝, the traction profile from the main interface is reproduced at the secondary interface, as in the interface toughening patch case

(Fig. 11(b)). However, in the interface weakening patch case, the normalized traction profile in the main interface is mostly unaltered
when the patched region is reached at point 2⃝ as can be seen in Fig. 11(c). As the onset traction 𝜏0 in the secondary interface is
reduced in the interface weakening patch area, damage is initiated as can be observed by the large partially damaged region in the
secondary interface in Fig. 11(c). However, this partially damaged region is not enough to initiate multiple delaminations because
the unmodified 𝐺𝑐 requires the dissipation of more energy before the complete formation of two new crack tips. As a result, the
main crack tip overcomes the interface weakening patch area without the initiation of multiple delaminations at point 3⃝ as can be
seen in Fig. 11(d).

Simultaneously reducing 𝜏0 and 𝐺𝑐 successfully triggers multiple delaminations as seen in Fig. 7 and Table 3. At the first point
of interest shown in Fig. 12(a) the same situation as for the analysis (𝐺𝑐∕1, 𝜏0∕2) is observed (Fig. 12(b)). However, as the toughness
is reduced, the level of damage in the secondary interface increases forming a similar camel-back shape in the normalized traction
profile (Fig. 12(b)) as the one observed in the interface toughening patch case on Fig. 10(c), which eventually results in the initiation
of multiple delaminations with two fully formed crack fronts and a fully damaged region in between them (see Fig. 12(d) 3⃝ at
point 3⃝). However, unlike the interface toughening patch case, the newly formed crack fronts and the previously existing one need
to enlarge their DPZ to transition from the weakened patch to the original interface properties (Fig. 12(e) 7⃝), which creates a
toughening effect in the load–displacement curve shown in Fig. 12(a) between 3⃝ and 4⃝.

The same mechanisms are observed in the other analyses featuring an interface weakening patch that result in the initiation
of multiple delaminations. The decrease in 𝜏0 onsets damage, followed by the propagation and increase of the damage driven by
the lowered 𝐺𝑐 . Such reduction means that less energy is necessary to propagate damage in the interface weakening patch, which
allows the initiation of multiple delaminations.

4.3. Propagation

After the multiple delaminations initiation stage, the propagation stage 3⃝ takes place as seen in Figs. 6 and 7. The objective
of initiating multiple delaminations is to achieve a propagation stage with higher energy dissipation as this translates into better
load carrying capabilities and slower crack growth in the analysis pseudo-time. To evaluate the energy dissipation capabilities of
the structure, the energy dissipation rate 𝜔̇𝑑𝑖𝑠𝑠 is defined as:

𝜔̇ = 𝑑𝜔 ≈ 𝛥𝜔 (4)
8

𝑑𝑖𝑠𝑠 𝑑𝐶𝑀𝑂𝐷 𝛥𝐶𝑀𝑂𝐷
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Fig. 11. Results from the analysis (𝐺𝑐∕1, 𝜏0∕2).

Fig. 12. Results from the analysis (𝐺𝑐∕2, 𝜏0∕2).

where 𝛥𝜔 is the energy dissipated in an increment of Crack Mouth Opening Displacement 𝛥𝐶𝑀𝑂𝐷, where CMOD is defined in
9

Section 4.1. Although the fine cohesive discretization provided by the adaptive refinement results in smooth equilibrium curves as
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Fig. 13. Energy dissipation rate with respect to crack mouth opening for the interface toughening patch analyses in the propagation stage (3).

Fig. 14. Energy dissipation rate with respect to crack mouth opening for the interface weakening patch analyses in the propagation stage (3).

seen in Figs. 6 and 7, small oscillations inherent to the cohesive formulations during the propagation of the delamination cracks
are still present. As such oscillations are amplified by the differentiation of the equilibrium curve, a moving average filter is used
with a window of 10 data points in the propagation stage of the equilibrium curve. Remark, that an alternative approach can be
used for the calculation of the dissipated energy by using the energy release rate calculated with the individual crack tip J-Integral
as done in [86,87] and the crack growth information.

4.3.1. Interface toughening patch
Fig. 13 shows the energy dissipation rate for the analyses with an interface toughening patch after the eventual initiation of

ultiple delaminations. A downwards trend of the energy dissipation is observed as the force is being reduced under displacement
ontrol conditions. Three levels of energy dissipation rates are observed corresponding to the three possible outcomes of the analyses:
1) No initiation of multiple delaminations (Fig. 8(b)), (2) Propagation of the main interface crack tip and the leftmost secondary
nterface crack tip (Fig. 8(c)) and (3) Propagation of crack tips at the secondary interface (Fig. 8(d)). If a large interface toughness
or the interface toughening patch is used, the main delamination is arrested leading to scenario (3) whereas if the increase in
oughness is sufficient to create multiple delaminations but does not arrest the main crack, scenario (2) will occur.

.3.2. Interface weakening patch
Fig. 14 shows the energy dissipation rate for the analyses with the interface weakening patch on the secondary interface.

he propagation stage differs from the interface toughening patch cases as only outcome (2) is possible, resulting in a continued
ropagation of the main crack tip together with the propagation of the rightmost newly formed crack tip on the secondary interface.
he reason is that outcome (3) shown in Fig. 8(d) is only possible with a toughening of the main interface which arrests the main
rack. Since the main interface is unaltered in the interface weakening patch analyses, outcome (3) is not possible.
10
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Fig. 15. Load–displacement curve for different laminate stiffness.

.4. Influence of laminate material, thickness, and patch length

In Sections 4.1 to 4.3 the effect of varying the strength and toughness of the patches while keeping all other material and
tructural parameters fixed were presented. In this section, additional investigations are presented to show the effect of changing
he laminate material, the thickness of the intermediate lamina between the main and secondary interfaces, and the length of the
nterface toughening/weakening patches. In these studies the same interface toughening patch configuration (𝐺𝑐 ⋅ 3, 𝜏0 ⋅ 3) is used to

restrict the number of analyses, however, the same general behaviour has been observed for the other patch material properties.

4.4.1. Laminate material properties
Fig. 15 shows the results of 3 tests in which the laminate stiffness is varied while having an interface toughening patch (𝐺𝑐 ⋅3, 𝜏0 ⋅3)

onfiguration. The material listed in Table 1 is used as the baseline, while a stiff (twice the baseline stiffness) and compliant (half
he baseline elastic stiffness) laminate material is defined for the remaining. The results presented in Fig. 15, show a low energy
issipation for compliant specimens, a behaviour also observed for a single delamination case. The multiple delaminations initiation
apabilities are not affected in any manner by changing the stiffness of the laminate.

.4.2. Thickness of the intermediate lamina
The thickness of the intermediate lamina between the main and secondary interfaces affects the onset and the propagation phases

f the analyses. A set of 10 analyses with an intermediate lamina ranging from 0.2 mm to 2 mm have been simulated using the
pecimen shown in Fig. 4. Remark, the overall thickness of the laminate is kept constant. The material listed in Table 1 with an
nterface toughening patch configuration of (𝐺𝑐 ⋅3, 𝜏0 ⋅3) is applied. As stated in Section 4.2, damage initiation is a consequence of the
eproduction of the tractions at the secondary interface originated by the crack tip propagating in the main interface. As observed
n Fig. 16(a), increasing the thickness of the intermediate lamina reduces the peak value of the tractions produced at the secondary
nterface. Therefore, a larger thickness reduces the ability to onset damage at the secondary interface and thus initiate multiple
elaminations. Fig. 16(b), shows that the intermediate lamina thickness also affects the propagation phase. A larger thickness causes
n increase in the dissipated energy during the propagation phase.

.4.3. Patch length
The effect of different lengths of the interface toughening/weakening patches has also been studied. The tests use the same

pecimen and material properties as shown in Fig. 4 and Table 1, respectively. The results show that, as expected, a shortening of
he patch decreases the likelihood of multiple delaminations. This effect is difficult to quantify and visualize, but a critical length
or each laminate material and intermediate layer thickness configuration exists. For patch lengths lower than this critical value,
amage is initiated but multiple delaminations are not fully developed.

. Discussion

Introducing an interface toughening patch in the main interface or a weakening one in the secondary interface can initiate
ultiple delaminations resulting in a toughening of the structure response. Nevertheless, there are some advantages and disadvan-

ages in both approaches that are worth discussing. Firstly, the structure experiences an increased ability to sustain higher force
11

nd prescribed displacements in both weakening and toughening cases. For a force loading case, there is an engineering interest
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Fig. 16. Results from analyses featuring different spacing between the main and the secondary interfaces, using an interface toughening patch (𝐺𝑐 ⋅ 3, 𝜏0 ⋅ 3).

n increasing the maximum load that the structure can sustain before crack propagation occurs, potentially triggering an unstable
rack growth scenario. The structure featuring a toughening patch is capable of carrying forces 95% higher than the original peak
orce when multiple delaminations are initiated (see Fig. 6). For the interface weakening patch cases, a force peak value increase
f around 15% of the original maximum force can be achieved (Fig. 7). Under a situation of prescribed displacement loading, the
ain engineering interest is improving the load-carrying capacities of the structure. For the propagation phase, the structures with
toughening patch obtain an increase of their load-carrying capacity around 100% for the outcome 3 cases, and around 65% for

he outcome 2 cases (Fig. 6). As the weakening patch can only result in outcome 1 or 2, a potential increase in the load-carrying
apabilities during the propagation phase around 65% is observed (Fig. 7). Therefore, both interface weakening and toughening
atches increase the overall dissipated energy while also increasing the peak load, and the load-carrying capabilities during the
elamination propagation phase. Both approaches are useful for application in damage-tolerant designs. However, the interface
oughening patch offers a larger improvement of the peak load and load carrying capabilities of the structure. It is important to
ote, that the interface toughening patch approach needs a higher degree of precision when choosing the strength and toughness
arameters to achieve the desired result among the two possible multiple delaminations outcomes displayed in Figs. 8(c) and 8(d).
ith the weakening approach, the initiation of multiple delaminations is sufficient to obtain a predictable response during the

ropagation phase.
Regarding the applicability of this approach for a variety of laminate materials, laminate thicknesses, and patch lengths, the

tudies presented in Section 4.4 show different degrees of influence of such parameters. Changing the laminate stiffness has the
ame effect as for a single delamination case: A more compliant material reduces the energy dissipation lowering the crack extension
or a given increment in pseudo solution time. However, even for a compliant material an increase in the dissipation energy is
till achieved thus toughening the structure against delamination. The distance between the main and secondary interfaces affects
he initiation of multiple delaminations and the amount of energy that is dissipated as shown in Fig. 16(b). During the multiple
elaminations initiation phase, Fig. 16(a) shows that the traction peak of the reproduced traction profile from the main interface
o the secondary interface is smaller. This means that there are two critical onset traction values for the weakening and toughening
atch materials linked to damage initiation at the secondary interface. In the case of the toughening patch, if the onset traction
s higher than such critical value, damage will be initiated at the secondary interface. For the weakening patch case, if the onset
raction of the patch material is lower than the critical value, damage at the secondary interface will also be initiated. The critical
alues depend on the laminate material properties and the distance separating the interfaces. This is also observed in the equilibrium
urves shown in Fig. 16(b) where a higher force and displacement level is needed to initiate the multiple delaminations for large
nterfaces distances. Remark, that a too large distancing between the interfaces results in damage initiation at the secondary interface
ithout initiation of multiple delaminations. The propagation phase is also affected as can be observed in the final stages of the
nalyses shown on Fig. 16(b). The modified thicknesses of the sublaminate bridging the two interfaces originated after multiple
elaminations initiation provoke different local energy dissipation at every crack tip. Such effect is difficult to predict exactly at the
ocal crack tip level because of the high degree of interaction between the different delamination fronts. However, it can clearly be
bserved that smaller spacing between the main and secondary interface results in lower energy dissipation.

. Conclusion

A numerical study on the feasibility of toughened laminated composite structures against delamination propagation using
12

nterface weakening or toughening material patches that initiate multiple delaminations is presented. The analyses are performed
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using the adaptive floating node-based finite element formulation from [79]. Firstly, a set of 50 parameter studies are presented
studying patches featuring different combinations of strength and toughness. The analyses show that both weakening and toughening
interface patches can initiate multiple delaminations. Results also demonstrate that a toughening on the response is observed, with
the interface toughening patch approach dissipating more energy than the interface weakening patches. Secondly, the effect of
changing the laminate stiffness, the spacing between the main and secondary interfaces, and the patch length is studied. The three
variables are observed to affect the results with the spacing between the interfaces being the most prominent one.

A discussion on the applicability of the presented toughening strategy against delamination is presented focusing on the capability
f the patched structure to improve the response to displacement or force loading. Both interface weakening and toughening patches
mprove the capability of the structure to undergo higher loads than the baseline. However, the interface toughening patch approach
as a higher increase in the peak force and displacement when multiple delaminations are initiated. The main advantage of using
nterface weakening patches is that the response of the structure can be controlled more easily, obtaining the same outcome for a
ide range of patch strength and critical energy release rates.

Further experimental work is needed to validate the numerical results presented in this work. For this purpose, the authors
onsider several options for the creation of the toughening patch. These include placing a small toughening interleave, stitching
wo layers on the toughening patch section, or dispersing carbon nanotubes on the same region. As for the weakening patch, a short
ayer of material with reduced adhesive capabilities or the contamination of the weakening patch area would effectively reduce the
nterface mechanical properties as desired.

Promising results are obtained in the performed analyses, making the presented approach an interesting option to achieve damage
olerance by toughening laminated composite structures against delamination propagation.
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