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Abstract

Transverse intralaminar cracks in layers with perpendicular orientation referred to the main loading
direction have a significant affection on the apparent ultimate strength of the corresponding composite
laminate. This effect stems from the fact that such transverse cracks generally promote the occurrence
of other failure mechanisms leading to the specimen collapse in subsequent stages of the loading process.
With the aim of conducting a careful investigation regarding the onset and progression of transverse
intralaminar cracking events, in this investigation, a micro-mechanical analysis of cross-ply laminates
is performed. Particularly, the cross-ply laminates belonging to the family [0◦2/90◦n/0

◦
2] are considered

via the generation of high-fidelity micro-mechanical models, which reproduce the direct representation
of internal fiber arrangements using the reference results addressed in Saito et al. 2012, Experimental
evaluation of the damage growth restraining in 90◦ layer of thin-ply CFRP cross ply laminates, Adv.
Comp Mat, 21:1,57-66. Differing from alternative approaches, current predictions are equipped with the
combined used of two fracture-based modeling methods: (i) the variational phase field (PF) approach for
triggering crack events into the matrix, and (ii) the bilinear cohesive zone model (CZM) for the simulation
of fibre-matrix decohesion failures. Relying on this computational methodology, the focus of this work is
to analyze the influence of the transverse ply thickness (n) on the onset and propagation of damage under
tensile conditions, in conjunction with the transition from micro-cracking to meso-scale damage states.
For this purpose, several models are generated into the FE package ABAQUS using user-defined capabilities
replicating configurations of specimens included in previous experimental investigations, i.e. through the
consideration of different transverse ply thickness (n=1, 2, 4). Present results show the potential of the
proposed methodology to predict the transverse matrix cracking phenomena and the ability and reliability
for capturing the delay of the crack with thinner plies, a phenomenon which is usually denominated as
in-situ effect in the related literature.
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1. Introduction

Thin-ply laminate technologies in long fiber reinforced composite materials (usually comprising carbon-
and glass-reinforcements in polymeric-based matrix, i.e. CFRP and GFRP, respectively) has emerged as
a potential alternative for the production of composite components due to their ability to preclude de-
lamination and micro-cracking phenomena prior the corresponding collapsing points. Though thin and
ultra-thin plies (with up to 0.02 mm in thickness) do offer very appealing attributes, at present, there
exit some unsolved issues associated with different mechanical effects in composite materials (including
standard and thin-ply thicknesses) regarding their specific fracture responses. These are the cases of the
effect of different laminate disposals, ply-clustering and ply thickness, among other aspects.
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As a consequence of these uncertainties, the reliable strength prediction of CFRP and GFRP structures
is still subjected to the use of high safety factors, due to the fact that most of the existing failure
criteria, for a given failure mechanism, present some deviations with respect to the experimental data.
Advocating previous experimental studies [2], it is well established that under the action of external
solicitations, initial transverse crack events (due to matrix cracking and fibre-matrix decohesion) have a
minor significance on the macroscopic response of the laminate. However, upon loading progression, the
increase in transverse crack density leads to the degradation of the mechanical properties at the laminate
level (usually associated with transverse and shear stiffness values) arising from the potential occurrence
of delamination events between the adjoining plies.

Associated with the analysis of transverse fracture response, the seminal work conducted by [56] on
[0/90]s laminates showed that the reduction of the 90◦ layer thickness provokes an increase in the critical
strain for transverse cracking initiation. Therefore, for sufficiently thin 90◦ layers, the actual strength
response of the laminate would be that governed by the 0◦ supporting layers, this scenario being of crucial
importance for the incorporation of thin and ultra-thin plies in composite structures. This characteristic
behavior is commonly denominated as in-situ strength response in fiber-reinforced composites. The
incorporation of such effect in macro-scale models of composite laminates [59, 57] can be accounted for
using the analytical procedure proposed by Camanho et al. [11, 10], recalling the fundamental concepts
on Fracture Mechanics proposed by Dvorak [23, 24, 22], through the affection of the strength values
associated with: (i) in-plane transverse tensile Y isT and compression Y isC effects, and (ii) in-plane shear
SisL and transverse shear SisT effects. An alternative methodology is that relying on Finite Fracture
Mechanics developed by Garćıa et al. [28], whereby a semi-analytical expression for the prediction of the
critical strain originating the first crack onset is derived in conjunction with a rigorous size effect law
depending upon the thickness of the central 90 ◦layer. Apart from these valuable results, Garćıa et al. [27]
performed a careful overview with regard to the main models existing in the related literature addressing
the in-situ strength effects and compared their prediction with new experiments. These models can be
categorized as: (i) Incremental energy models [6, 29, 33], (ii) Dvorak-based formulations [22, 11, 41],
(iii) statistical-based models [40, 70] and (iv) coupled-criterion models [39, 28]. This analysis highlighted
that most of the existing models already proposed in the related literature differ from each other upon
the fundamental hypotheses for their developments. In this concern, the different hypotheses already
exploited led to very diverse explanations for the so-called in-situ strength effects in cross-ply composite
laminates. Therefore, from the authors’ point of view, the physical soundness of such arguments should
be revisited in a consistent manner, i.e. how cracks initiate and propagate within fibrous composites at
the micro-mechanical level of analysis (being this an arduous matter to trigger via the direct experimental
observations).

At present, as a consequence of the advent of new numerical capabilities, a different perspective for
the analysis of in-situ strength effects in thin-ply composite laminates concerns the exploitation of micro-
mechanical models. In line with the previous discussion, the principal aim of the use of micro-mechanics
is to provide a potential explanation via the reproduction of fracture patterns in terms of initiation and
propagation of crack events at lower scales that can shed light to the experimental evidences presented
in [62]. Specifically, Saito and coauthors [62] identified the reduction of the corresponding energy release
rate as the main cause for transverse crack suppression effect and highlighting the higher crack density for
thinner plies. Interestingly, Sebay et al. [64] idealized an experimental procedure enabling the transverse
cracking detection via optical means with relevant results on the matter. Within this context, from
a numerical standpoint, previous works analyzed the appearance of matrix cracking and fibre-matrix
decohesion at the micro-scale, which are generally identified as the initial failure mechanisms under the
application of external loading conditions [67]. Thus, comprehensive investigations estimating the energy
release rate (ERR) of fiber-matrix debonding cracks have been conducted by several authors [15, 74, 20],
whose main focuses were on the presence of secondary loadings, fibre-spacing, residual stress fields,
among other factors. Comprising high-fidelity micro-structures of fibre reinforced composites, Arteiro et
al. [3] developed a finite element (FE)-based framework including pressure-dependent plasticity models
and cohesive zone formulations for triggering matrix and fibre-matrix decohesion failure, respectively,
showing completely different failure patterns for cross-ply laminates with standard-thickness and thin-
ply 90◦ layers in good agreement with experimental results. Futhermore, Arteiro et al. [3] identified
the in-situ effect in transverse compression, pinpointing the assumable reliability of simple analytical
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models proposed in [11]. Following a similar approach, Herráez et al. [34] estimated via computational
micro-mechanics that the transverse ply strength was independent of the 90◦ layer thickness. In this
direction, Paŕıs et al. [55] addressed the investigation of the initial phases of damage of 90◦ plies based
on Linear Elastic Fracture Mechanics concepts and precluding the potential coalescence of interface cracks
throughout the polymeric matrix, where boundary element(BE)-based models with Fracture Mechanics
capabilities were generated for this purpose. These authors claimed that, at these initial phases of the
cracking stage, such in-situ effect was not captured due to the fact that evolution of the energy release
rate, Gc, of a debonding crack was not affected by the neighboring 0◦ layer. In contrast, Kohler et al.
[36] carried out an experimental and numerical study (using an embedded multi-scale approach), whose
main results showed a good experimental-numerical agreement pinpointing the occurrence of the in-situ
strength effect.

Despite the importance in practical applications and the great deal of research that has been devoted
to this topic, there exits a clear lack of apparent consensus with regard to either the possible causes
generating in-situ strength effects or its existence. Under these circumstances, an alternative route for
investigating in-situ strength effects via high-fidelity micromechanical models concerns the use of the
phase field (PF) approach of fracture, which has been proven as a successful predictive tool for triggering
complex fracture events solids and structures [8, 46, 48]. The PF approach of fracture enables the
approximation of fracture phenomena in spirit of the Griffith’s vision by means of the definition of a
damage-like phase field variable regularizing the sharp crack representation through the inclusion of a
characteristic material length scale for such regularization. The nucleation and propagation of the fracture
surface is accordingly governed by an additional PDE triggering the material stuffiness deterioration via
the evolution of the corresponding crack-like phase field variable [44, 21, 47]. In the last decade, the
versatility of PF-methods for the imbrication of failure mechanisms from different signature and scales of
observation has been extensively examined comprising fracture events in porous materials [1], short fibre
reinforced composites [17], long-fibre reinforced composites [58, 32] hyperlelastic materials [38, 61], the
use of global-local modeling techniques [51], to quote a few of the current applications. Particularly, and
of special interest in this work, the application of PF-based techniques to heterogeneous media has been
carried out in [50] using a level-set approach, and originally by the authors in [54, 12, 13] for its coupling
with cohesive-like cracks. Therefore, this variational technique can be efficiently exploited for high-
fidelity micro-mechanical analysis of fibre reinforced materials with focus on the onset and propagation
of transverse ply cracking in cross-ply laminates.

The central objective of the present work is twofold. The first part of the current study concerns
the assessment of the practicability of the phase field (PF) method for matrix fracture in conjunction
the cohesive-interface crack method for fibre-matrix decohesion for the analysis of the so-called in-situ
strength effects. The computational methodology herewith employed comprises different novelties with
respect to previous investigations on the matter regarding layered CFR and GFR composite laminates [5,
34, 36]: (i) the nonlocal character of the fracture method for triggering matrix failure (with reduced mes-
dependence pathology in comparison local models), and with strong foundations of Fracture Mechanics,
(ii) the corresponding coupling with cohesive fracture continuing the previous work of the authors [32]
but for realistic micro-mechanical domains. It is also noting that this study has a significant deterministic
character since the micro-mechanical representations of the internal fibre arrangements are extracted via
the examination of the micrographies provided in [62] instead of using a statistically distributed RVE as
in [3]. Additionally, the second salient objective of this investigation is to provide a further insight on
the micro-mechanical response composites with special emphasis on the comprehension of the different
damage phases and cracking mechanisms identified for the current loading conditions. In this direction,
a significant attention is devoted to the analsysis of the transition between micro-cracking events to
meso-scale damage.

The manuscript is organized as follows. Section 2 outlines the principal aspects of the current com-
putational methodology. The construction of the numerical models is detailed in Section 3, whereas the
corresponding results are presented in Section 4. Finally, the main conclusions of the present investigation
and prospective research activities are addressed in Section 5.
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2. Computational methodology

In this section, the main aspects of the computational strategy herein employed for the micro-
mechanical analysis of composite laminates is described. Prior to summarizing the characteristics of
the numerical methods for triggering fibre-matrix decohesion and matrix-cracking events, it is worth
mentioning that the experimental observations of transverse cracking at micro-mechanical level clearly
evidenced the two main stages: an initial phase characterized by fibre-matrix decohesion events that is
followed by the kinking of such interface cracks into the matrix, provoking coalescence and branching.
The conjunction of these two failure phenomena from different signature finally lead to the appearance
of macro-cracks at the lamina level.

This cracking sequence, i.e. the specific sequence of damage phenomena at the micro-mechanical level
for this application, motivates the use of the coupling between the PF method for bulk fracture and
the CZM for fibre-matrix decohesion proposed in [54, 32], which can be denoted as PF-CZ technique.
Specifically, this variational approach of fracture can be simplified through precluding the affection of the
interface apparent stiffness based on the damage status of the surrounding bulk (that is accounted by
the phase field variable). Consequently, standard cohesive-like elements such as the previously proposed
by Turón et al. [68, 69] (see the corresponding coupling with PF-methods), and those built-in in ABAQUS,
among many others, can be employed without any loss of generality.

2.1. Phase field approach of fracture for matrix fracture

As was previously mentioned, the nonlocal PF method of fracture is considered in the current research
for triggering matrix-cracking events. This fracture model is implemented as user-defined element UEL

into the general purpose package ABAQUS.
Restricting the scope of the present analysis to the infinitesimal strain setting, let to consider an

arbitrary body occupying a domain B ∈ Rndim , where ndim is the dimension of the analysis. The
displacement field is denoted by u : B → Rndim , whereas the strain tensor is defined by ε : B →
Rndim×ndim and the Cauchy stress tensor is denoted as σ : B → Rndim×ndim . Prescribed boundary
conditions are given by u = u on ∂Bu and t = σ ·n on ∂Bt, satisfying ∂Bt∪∂Bu = ∂B and ∂Bt∩∂Bu = ∅.

The functional that recalls the fundamental basis of the phase field method for bulk fracture can be
expressed as [9]:

Π(u, d) =

∫
B
ψ(ε, d) dΩ+

∫
B
Gbcγ(d,∇xd) dΩ+Πext(u) = Πint(u, d)+Πext(u) = Πε(u, d)+Πfrac(d)+Πext(u),

(1)

where Πint(u, d) denotes the internal contribution to the functional due to the deformation (Πε(u, d))
and fracture (Πfrac(d)) processes, and Πext(u) stands for the external loading contribution; ψ(ε, d) is the
elastic strain energy (that is affected by the phase field variable), and Gbc corresponds to the bulk fracture
toughness. Figure 1 depicts an arbitrary cracked body, in which sharp crack typologies are regularized
within a diffusive crack zone of width l.

In the previous variational formalism, the phase field variable d : B x [0, t] −→ [0, 1] is introduced,
which allows the distinction between fully degraded, d = 1, and intact state d = 0. The specific form of
the regularized crack surface renders:

Πfrac(d) :=

∫
B
Gbcγ(d,∇xd) dΩ., with γ(d,∇xd) =

1

2l
d2 +

l

2
|∇xd|2 . (2)

where second-order crack surface density functional γ(d,∇Xd) allows approximating surface integrals
defined on sharp crack surfaces by volume integrals via the exploitation of the Γ-convergence concept
[46]: ∫

Γc

Gc d∂Ω ≈
∫
B
Gcγ(d,∇Xd) dΩ, (3)

The above representation of a crack surface density function has been extensively used for many
authors, see [8, 49, 35]. Moreover, the parameter l is identified in the related literature as the length scale
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Figure 1: Phase field method for a diffusive crack modeling. a) Arbitrary cracked body with a discrete crack. b) Arbitrary
cracked body with a regularized or diffusive crack.

factor, which controls the support of the transition zone of the phase field variable. This parameter can
be related to the apparent strength of the material as reported in [66]. In the current formulation, l can
be set for bulk fracture as follows:

l =
27

256

GbcE′

σ2
C

, (4)

being σC the material strength and its Young’s modulus E′.
Since cracking events are different in tension and in compression, we herewith adopt the spectral

decomposition of the strain tensor in its corresponding positive and negative counterparts as proposed in
[46, 48]:

ψ(ε, d) = g(d)ψe+(ε) + ψe−(ε), (5a)

ψe+(ε) =
λ

2
(〈tr[ε]〉+)

2
+ µtr[ε2

+], (5b)

ψe−(ε) =
λ

2
(〈tr[ε]〉−)

2
+ µtr[ε2

−], (5c)

where λ y µ are the Lamé constants; ε+ and ε− are the positive and negative parts of ε, respectively,
indicating tr[•] the trace operator, and 〈•〉± denotes the Macaulay bracket: 〈•〉± = (•±|•|)/2. Following
previous studies, a monotonic decreasing function is chosen for the so-called degradation function g(d)
reads

g(d) = (1− d)
2

+K, (6)

where K is a residual stiffness parameter.
With regard to the irreversible character of the crack evolution, several alternatives for enforcing such

condition have been proposed in the related literature with different consequences on the reliability of
the PF method, see [30] for a detailed treatment. In this work, this constraint is expressed in terms of
the phase field variable using a local history field of the crack driving force [46, 73]:

H(x, t) = max
τ∈[0,t]

ψe+(ε)(x, t), (7)

where H(x, t) attains the maximal value of the positive part of the elastic energy ψe+(ε). This new
variable, H(x, t), ensures the positive evolution of the phase field variable, i.e. ḋ ≥ 0, and yields to the
modification of the corresponding evolution equation of d. Moreover, note that this history variable
is determined relying on the state variables at the pseudo-time ti, which are constant within the time
interval [ti, t].
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2.2. Interface fracture model for fibre-matrix decohesion

Fracture at interfaces between fibres and matrix are modelled using built-in cohesive-crack capabilities
of ABAQUS. In particular, we recall an interface crack behavior whose corresponding decohesion response
complies with a bilinear traction separation law (TSL).

This TSL relates the displacement jump across the interface (identified by the normal, δn, and shear,δs
contributions) with the corresponding components of the traction vector acting on it, i.e. tn and ts,
respectively, see Figure 2 for fracture Modes I and II. This particular decohesion law follows different
phases:

• An initial stage (0-1) prior damage occurrence at the interface that is characterized by a high initial
stiffness K.

• Once the combination of interfacial tractions fulfills the damage initiation criterion, point 1, the
interface stiffness is gradually degraded up to complete decohesion via the points 2 and 3.

As was comprehensively derived in [68], the current CZM is equipped with an internal damage variable
d ∈ [0, 1] (d = 0 intact interface, d = 1 fully debonded interface), which ensures the irreversible character
of the decohesion process and tracks the progressive stiffness degradation.

Accordingly, the corresponding TSL in 2D is given by

tn = (1− d)Kδn if δn ≥ 0; ts = (1− d)Kδs. (8)

Finally, the propagation criterion for mixed-mode fracture conditions adopted is the standard quadratic
criterion, see [60].

Loading

Loading

Un-/reloading Un-/reloading

Loading

Loading

0 0

1

2

3

1

2

3

Figure 2: Bilinear traction-separation law (TSL).

3. Computational model

This section describes the generation of the micro-mechanical models under analysis. Particular details
with regard to the geometry, its discretization, the loading conditions and the constitutive laws and crack
modeling techniques employed for each entity are detailed and justified in the forthcoming paragraphs.

Current FE models are generated through the adoption of a high-fidelity multi-scale embedded ap-
proach similar to that employed in [45, 5, 34, 36], with the aim at replicating the experimental configura-
tions described in [62]. Schematic description of the domains are depicted on the top of Figure 3, where
the central region of interest is highlighted. As is described in detail below, the tensile loading conditions
along the longitudinal directions of the specimens at the experiments are transferred to the central area
via prescribed displacement conditions (denoted by δx in Figure 3). Excluding grip tabs, the specimens
correspond to standard cross-ply laminates, which are composed by three layers: two outer layers (0◦
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Figure 3: Details of the computational models generated to simulate the [62] experiments

layers) with fibers orientated along the loading direction, and a central layer with fibers perpendicular to
the loading direction (90◦ layer). Note that the present simulations comprise a sufficiently long section
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for each specimen using a plane strain formulation, see Figure 3, and whose respective dimensions are
reported in Table 1. As can be observed in this graph, three different models are generated according
to the three types of specimens tested in [62]. The difference between these three models relies on the
thickness of the central 90◦ layer, ranging from 0.04 mm to 0.16 mm. In contrast, the thickness of each
individual 0◦ layer is equal to 0.24 mm. Thus, the stacking sequences of the current models correspond
to: [0◦2/90◦n/0

◦
2] being n = 1, 2 and 4. Note that 0◦ and 90◦ layers are composed by plies with different

thickness. Therefore, the notation [0/90/0] can be confusing but it will be used here to keep the notation
used in the experiments [62].

Material E [GPa] ν GC [N/mm] l [mm]
Fiber 13 0.2 - -

Matrix 2.79 0.33 0.02 0.00105

Material E11 [GPa] E22 [GPa] E33 [GPa] ν12 ν13 ν23

Homogeneous 0◦ ply 113.5 8.31 8.31 0.3 0.3 0.45

Interface Property σC [MPa] GC [N/mm]
Fracture Mode I 75 0.002
Fracture Mode II 100 0.04

[02/90/02] [02/902/02] [02/904/02]
Laminate length [mm] (L) 0.4 0.8 1.6

90◦ layer thickness [mm] (2t90) 0.04 0.08 0.16
0◦ layer thickness [mm] (t0) 0.48 0.48 0.48

Table 1: Material properties [62, 4, 42] and geometrical parameters of the [0◦2/90◦n/0◦2] ( n = 1, 2 and 4) laminates.

Focusing on the central parts of Figure 3, for each configuration, the geometry is composed by three
entities (regions), representing the three layers. The outer 0◦ layers are modelled as homogeneous solids,
whereas for the 90◦ layers, the actual micro-structure is specifically taken into account. This is performed
by modeling such domains as heterogeneous regions with two different phases (i.e. fibres and matrix) and
the corresponding interfaces. These micro-structures are identified by means of an in-house Python
script that allows the rapid transfer of the geometrical information for the subsequent operations in the
modelling process to be performed. Nevertheless, note that due to the fact that a reduced region of the
microscopic fibre distribution is available in [62] for each configuration, the corresponding representative
region of the micro-structure is defined and reproduced throughout the 90◦ plies in order to preclude
undesirable edge effects upon loading.

Regarding mesh details, at the micro-mechanical level, very finely discretized 90◦ plies are generated
(Figure 3). These dense meshes are constructed in order to fulfill with the requirements of the different
constitutive laws applied to each part of the geometry. In particular, the mesh is fine enough in the
Observed area, in order to adequately model the process of crack events which occurs at this zone.

With reference to the simulation capabilities, different modeling techniques are defined within the
models, which are selected in terms of several arguments: (i) the nature of the region itself, (ii) the
typical failure behavior, and (iii) the level of interest of the region:

• The 0◦ layers are modelled as homogeneous orthotropic linear elastic solids with the material prop-
erties detailed in Table 1. No damage is expected to occur in these layers during the firsts stages
of the failure mechanism herewith studied. Thus, a linear elastic constitutive law is considered to
adequately represent the mechanical performance of this region of the models.

• Interface behaviors between 0◦ and 90◦ layers are simulated as a perfect interface. It is well known
that the failure mechanism studied here leads to subsequent delaminations between such layers [7].
However, this mechanism is out of the scope of the present study.

• Fibers in the 90◦ layer are modelled to follow an homogeneous isotropic linear elastic response.
Fibers actually obey a transversely isotropic response. However, within the current plane strain
formulation, their mechanical performances are assumed to comply with the corresponding equiva-
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lent plane strain properties, see Table 1. Similarly to the 0◦ layers, no damage is expected to occur
inside the fibers during the first phases of the failure mechanism studied in the present study1.

• Matrix within the 90◦ layers is modelled as homogeneous and linear elastic isotropic entities. During
the failure processes, damage and cracks are expected to progress within the matrix, so it is required
to reproduce such cracking phenomena with a proper level of reliability. In this direction, it is
worth mentioning that modelling of crack events at the micro-scale level is very challenging and
complex because such cracks progress from very short cracks, whose failure is governed by a stress
criterion, to large cracks, whose failure is mainly governed by the classical Griffith energy criterion
(LEFM). Thus, in our vision, modelling matrix crack events either using LEFM (which it is not
able to accurately predict the behavior of small cracks at this scale) or a stress-based criterion, via
e.g. a combination of damage-yielding model, (that it is not able to predict well the behavior of
large cracks) might present significant limitations. In order to overcome these issues, the adoption
of robust numerical frameworks that enable predicting both behaviors is a matter of enormous
importance. In this concern, cohesive zones models (CZMs), finite fracture mechanics (FFM), or
phase field (PF) can be understood as suitable modeling tools for crack events which fulfill with
the previous requirements. In particular, these three approaches have been assessed for recovering
both extreme scenarios (stress- and energy-dominated crack phenomena) and the transition between
them with excellent results, see [14, 66]. Thus, for the matrix cracking, since the crack paths are a
priori unknown, the phase field (PF) strategy described in Section 2.1 is herewith exploited due to
its extraordinary capabilities in terms of reproducing very complex crack paths without the use of
arduous re-meshing and crack tracking methodologies in the corresponding FE implementation.

• In addition to matrix-dominated cracks, based on experimental observations, failure mechanisms in
the current specimens presented significant fibre-matrix debonding events [62]. In order to model
such phenomena, fiber-matrix interfaces within the 90◦ layers are modelled using CZMs as described
in Section 2.1, obeying a bilinear TSL. Note that, similarly to the matrix, in this case, the average
fibre-matrix crack size is small enough to be comparable to the fracture process zone. Thus, a
predictive approach based exclusively on a LEFM analysis would present some limitations for the
accurate estimation of the crack growth along the fiber-matrix interface. Interfacial cohesive prop-
erties are detailed in Table 1 and the interface initial stiffness K is set equal to 1× 108 [MPa/mm]
for fracture Modes I and II [4].

Regarding the prescribed bounday conditions, in line with the previous description, the external
solicitation corresponds to prescribed horizontal displacements δx at the left and right extremes of the
models. A fixed loading increment is prescribed, which is directly proportional to the individual model
length L, in order to keep constant the corresponding strain increment for each model. In addition, a
point is fixed at the left bottom corner in order to avoid rigid motions.

Finally, due to the fabrication procedure of the actual specimens, it is expected to find a certain level
of residual thermal stresses within the domain at the layer scale. Thus, the strain levels advocated in
the present results are computed in such a way that the consideration of the residual thermal stress are
already incorporated. These thermal effects are calculated according to the procedure described in [26].

4. Results and discussion

This section presents the results obtained from the computational models corresponding to the micro-
mechanical response of the cross-ply laminates described above. Furthermore, the present section ad-
dresses a comprehensive discussion in terms of the reliability and capabilities of the current numerical
methodology.

The objective is to investigate the process of initiation of a crack from the very first form of damage
to a crack spanning the whole 90◦ layer, which can be already considered a meso-mechanical crack. The

1Actually, some micrographies show rarely transverse breaks of fibers, but the relevance of this phenomenon is not
common enough to be of remarkable significance in the failure process. In fact, no fiber breakage was reported in [62].
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influence of the 90◦ layer thickness on this process is also analysed through the comparison of the present
estimations for the three specimens with different thickness values and with respect to the available
experimental data [62]. Furthermore, it is of remarkable interest the way through which cracking events
evolve at the micro-scale of the current models, since they provide a very valuable information in terms
of the nature of damage progression. The careful analysis of the simulation data herein conducted can
lead to a plausible understanding of the causes of the in-situ strength effect.

The forthcoming discussion is articulated in three individual stages based on the sequence of damage
events identified throughout the simulations. First, the process of cracking initiation is analysed for each
specimen, focusing on the different phases at the micro-mechanical level. Second, the computational
results are correlated with the experiments reported by Saito et al. [62]. Finally, the results are discussed
in a global context, specifically, paying special attention to the comparison with respect to different
models already proposed in the related literature.

4.1. Process of crack initiation at the layer scale from a micromechanical analysis: from micro-mechanical
cracking to meso-scopic damage

The detailed analysis of the progress of damage and cracks within the current micro-mechanical
models clearly reveals the different phases of failure processes (Figures 4-7). Specifically, failure maps
corresponding to the interface damage variable and phase field-crack at the matrix are shown in Figures
4, 6 and 7, pinpointing the different cracking sequences (identified by numbers) which are represented by
the damage variables for fibre-matrix delamination and matrix failure. As expected and in line with the
experimental observations [62], cracks principally evolve along the direction transverse to the external
loading. The comprehensive description and discussion with regard to the different phases of the crack
events for the three specimens under analysis is outlined as follows:

• First, according to the computational results, the first damage event corresponds to the onset of
a debond at the fiber-matrix interface (labelled as phase 1 of the crack evolution in Figures 4, 6
and 7). The position of this debond occurs at the zone of the interface where the normal stresses
achieve the corresponding highest levels, which is generally identified at narrow portions of the
matrix between fibres [4, 3]. Advocating previous studies regarding the stress solution for a circular
inclusion in a infinite domain under remote tensile stress [31], the critical point for such decohesion
corresponds to one of the poles leading to a non-symmetric post-failure configuration. This event
is accurately captured by the current simulations since this initial debond is predicted to occur at
one of the two critical locations (phase 1) [25]. Moreover, it has been extensively reported that the
very first initial debonding process is an unstable phenomenon but it becomes stable in subsequent
stages [32, 43, 25]. This development (unstable-stable) is a direct consequence of several factors
comprising the transition from fracture Mode I to II along the interface, the mismatch between the
mechanical properties of the fibre and the matrix, among others.

• The second fracture stage identified in computational results is the appearance of several debonds
at different fiber-matrix interfaces (phases 2 and 3 in Figures 4, 6 and 7). These interface cracks can
take place relatively far from the first debond, but depending upon on the particular fibre positions.
The reason for this event is attributed to the fact that the stress state around an intact fiber-
matrix interface is very similar for most of the fibers (for the prescribed tensile loading), but with
slight modifications due to geometrical aspects associated with the micro-structural arrangement,
e.g. relative position of the neighbouring fibers [65, 63]. Thus, several fibers with similar situations
in terms of stresses, can be found in a micro-structural system. Correspondingly, for a certain strain
level, it is expected to observe several isolated debonds. It is also noting that such debonds are prone
to occur at the fibers with a preferential neighbouring situation, which promote the occurrence of
such failure. Moreover, in all the cases here analyzed, the fibre-matrix damage progress at different
locations up to their corresponding critical conditions prior to kinking towards the matrix [32], this
effect being in good agreement with experimental observations.

• The third phase observed in the present simulations can be already considered as an initial stage
of damage which can have a noticeable relevance at the meso-scale (phases 4 and 5 in Figures 4,
6 and 7). The presence of fiber-matrix debonds notably alter the stress state at such locations,
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Figure 4: Sequence of damage events observed in the computational results for [02/901/02] laminate.

leading to two possible alternative scenarios upon fracture progression: (i) the further promotion
of the fibre-matrix debonding in neighbouring fibres, or (ii) the protection of nearby fibre-matrix
interfaces. This idea is illustrated in Figure 5, whose main conclusions are summarized:

– In situations where a first exemplary debond is initiated at a particular location (1), in posterior
loading stages, a second debond can take place at a different fiber (2), which is relatively far
from the first one (complying with the second scenario aforementioned). The reason for which
these first two debonds take place at these particular locations is directly attributed to the
particular arrangement of fibers. Notwithstanding, in the case of numerical studies based on
statistical distributions of interface fracture and strength properties, the particular location of
the first debond would be also affected by this scatter.

– Continuing the analysis and evidencing the concomitant occurrence between the promoting
and protective interface failure mechanisms, which depend on the status of surrounding fibres,
it is observable that: whereas the fiber-matrix interface failure at fiber (1) evolves in a larger
damaged zone with other neighbouring debonds aligned with the main loading direction, the
debond at fiber (2) does not promote any further interface cracks at its surrounding area.
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Figure 5: Detail of evolution of debonds at the first stages of damage initiation for [02/902/02] laminate. Values showed in
labels correspond to the strain level.

(Figure 5). In fact, subsequent debonds, as that identified by (3) in this graph, contribute to
the progression of additional interface failure phenomena. Note that the connection between
such debonding failure at the micro-scale may produce a meso-scale crack event.

Once the damaged regions (formed by aligned debonds) have been clearly developed, the progress
of such phenomena is diverse. At this phase, several fibre-matrix debondings can further propagate
in a stable manner up to the attainment of the next energetic barriers, which can correspond to
the relative positions of the fibres, the presence of resin-rich regions, among others. Note that
these energetic barriers are statistically distributed within the domain based on its own internal
arrangement. The delay in posterior damage propagation leads to accumulation of energy within
the system, so that such energetic barriers can be overcome leading to unstable (sudden) damage
evolution.

• The next stage here identified comprises the fact that fibre-matrix interface failures generally span
the whole thickness of the 90◦ layer. This happens prior the occurrence of any crack kinking
phenomenon towards the matrix in the whole thickness of the 90◦ layer as is shown in Figures 4,
6 and 7, and subsequently in Section 4.2. This behavior strongly depends on the corresponding
matrix and fibre-matrix interface fracture properties.

• Upon loading progression, significant damage matrix events are predicted at the micro-scale, which,
as expected, take place in the neighbourhood of several fibre-matrix debond tips (see phase 6 in
Figures 4, 6 and 7). This is the previous step to the appearance of a matrix crack promoted by the
fiber-matrix debonds. Since the size of the process zone in this problem is of the order of the fiber
radius, it is expected to have a significantly large damaged zone before the corresponding kinking
phenomenon.
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Figure 6: Sequence of damage events observed in the computational results for [02/902/02] laminate.

• The posterior stage concerns the nucleation of a matrix crack in the damaged zone near a debond tip
(see phases 7 and 8 in Figures 4, 6 and 7). This matrix crack connects two debonds of neighbouring
fibers. The preferential path is mainly perpendicular to the loading direction, in consonance with
the experimental evidences [62] and alternative numerical studies [3, 34]. However, the specific
direction is mostly governed by the connection between the debonds already existing at the fibers.

• Once the first matrix crack appears connecting two debonds, this crack progresses up to spanning
almost the whole thickness of the 90◦ layer (stage 9 in Figures 4, 6 and 7). This crack can be
already considered a damage event at the meso-scale. Thus, this phase can be considered as the final
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Figure 7: Sequence of damage events observed in the computational results for [02/904/02] laminate.

transition between micro-scale cracking and meso-scale damage. The stability of this progression
is mainly ruled by the presence of energetic barriers which interrupt further progressions. Current
computational results predict that this process is generally unstable with some differences depending
on the 90◦ layer thickness. It is also interesting to observe the final geometry of the fully transverse
crack. Thus, in the case of the 90◦ layer would have been studied as an equivalent homogeneous solid,
the preferential crack geometry would correspond to a straight crack perpendicular to the loading
direction. However, this is not exactly what it is observed in the computational results presented
here. At the micro-mechanical level, the actual heterogeneity of the specimen, in particular when
some damage events have occurred, e.g. the distribution of debonds, promotes alternative crack
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paths with more chaotic topology. This is particularly significant for the thickest laminate here
analyzed, see Figure 7.

4.2. Comparison with experimental results

This section outlines the comparison between the experimental results in [62] and the predictions
obtained from the current computational models. The main target is to assess the influence of the 90◦

layer thickness on the onset and propagation of through-thickness cracking events in line with [34, 4, 3].
The current correlation relies on performing a comparison between the three states reported by Saito
et al. [62] for each model (corresponding to three strain levels) with respect to similar damage extents
in the current computations. Correspondingly, it is possible to compare the strain levels for which the
computational models predict “similar” damage levels to those reported in the experimental study. Note
that this comparison is focused on the analysis of the micrography given in [62]. Moreover, it is worth
mentioning that the 2D simulations here presented cannot take into account “tunneling effects”, and
therefore deviations with respect to the experimental data are expected in terms of characteristic strain
values and cracking topology. These deviations are also affected by the deterministic character of the
study.

Phase field variable

Cohesive damage variable 

Horizontal displacement     (mm)

Saito solution 

= 0.4% = 0.8% = 1.5%

= 0.7% = 1.07% = 2.30%

Figure 8: Saito [62] [0◦2/90◦/0◦2] laminate results: Saito results, strains (ε), damage patterns, debondings and contour plot
of the horizontal displacement field.

Figure 8 presents the comparison for the thinnest laminate with 0.04 mm in thickness of the 90◦ layer.
As discussed in the previous section, damage started by the fibre-matrix interface debondings, which
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subsequently progressed in neighbor fibres and finally kinked towards the matrix forming a through-the-
thickness crack. This sequence of cracking events is correctly reproduced by the present simulations.
Thus, the first column of this graph corresponds to the appearance of the first debonding event at the
fibre-matrix interface, which was identified in the experiment at a strain level of ε = 0.4%, whereas the
current computational model predicts the first debond at ε = 0.7%. As the applied strain increased,
subsequent damage states evolve. Thus, the second column is reffered to the first cracking state formed
by several aligned debonds. According to the experiments, this occurred for ε = 0.8% whereas a strain
level equal to ε = 1.07% is identified for predictions of the computational model. Finally, the third column
identifies a crack spanning almost the whole thickness of the 90◦ layer, this taking place for ε = 1.5%
in the experiments whereas the similar status is achieved at ε = 2.30% according to the computational
model.

Note that the position of the damage and cracking events notably diverges from the experimental
observations to the computational estimations. As was amply discussed in previous studies, this result
is expected because this is the classical problem of multi-site nucleation for damage, where many very
similar points with critical conditions there exist, such locations being of potential damage initiation. In
this case, these points corresponds to the fiber-matrix interfaces with a very similar situation between
them at the beginning of the failure mechanism. Therefore, the point at which the damage is finally
nucleated at first is determined by very slight differences in geometry, elastic, strength and fracture
properties. The geometry is the only source of such diversity in the current computational model and not
completely, due to the fact that small differences in the distributions of fibers at alternative placements
of the laminates can affect the occurrence of this phenomenon.

As for the strain level, the comparison shows a certain level of divergence between the experiments
and the computational model. The difference can be associated to the influence of the 3D effects, i.e
crack tunneling aspects. In particular, these effects can be very relevant for the first debonds occurring
at the free edge locations. The problem in this initial stage is therefore highly 3D due to a high stress
concentration due to the different properties of fiber and matrix and the presence of a free edge. For the
second and third column, the agreement between the experimental and the numerical data is similar to
the first stage, likely promoted by the same effect.

Figure 9 depicts the comparison for the intermediate in thickness laminate, i.e. 0.8 mm in thickness of
the 90◦ layer. With respect to the damage pattern, the first column shows the very first debond, which
occurred at a strain level of ε = 0.4%, whereas the computational model predicts this event at ε = 0.81%.
In the second column, the first damage formed by several aligned debonds can be observed. According to
the experiments, this took place for ε = 1.2%, whereas the computations predict this event at ε = 1.83%.
Finally, the third column correspond to a crack spanning almost the whole thickness of the 90◦ layer, this
happening for ε = 1.3% in the experiments and ε = 1.88% according to the computational model. Note
that the criterion about the prediction of the situation for damage and crack initiation also holds for this
model. In this configuration, experimental and computational model results present notable deviations.
These discrepancies are mainly attributed to the specific damage identification criterion herewith adopted.

Figure 10 presents the comparison for the thickest laminate, complying with 0.16 mm in thickness
of the 90◦ layer. In line with the previous results, the first column of this graph corresponds to the
appearance of the first debond, which occurred at a strain level of ε = 0.7% in the experimental study
[62], whereas the computational model predicts the first debond at ε = 0.82%. The second column
stands for a state with the presence of transverse crack identified by the presence of multiple fibre-matrix
debondings. According to the experiments, this occurred for an applied strain equal to ε = 1.0%, whilst
this situation is achieved in the current computations for ε = 1.32%. The third column identifies a crack
spanning almost the whole thickness of the 90◦ layer, this happening for ε = 1.4% in the experiments
and ε = 1.58% according to the computational model. For this model the agreement between the
computational model and the experiments is better than the previous ones. This could be connected
with the idea of that failure for thin laminates is more governed by 3D phenomena (not taken into
account here) than for thick laminates, as claimed by some works [23, 24].

Once the current results have been described and contrasted with respect to available experimental
data from a quantitative standpoint, it is interesting to perform a qualitative discussion of the predictions.
In this context, it is noting that the in-situ observations reported in [62] identified that, for thicker 90◦

layers, the formation of a transverse crack experiences a rapid propagation through-the-thickness. This
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Phase field variable

Cohesive damage variable 

Horizontal displacement     (mm)

Saito solution 

= 0.4% = 1.2% = 1.3%

= 0.81% = 1.83% = 1.88%

Figure 9: Saito [62] [0◦2/90◦/0◦2] laminate results: Saito results, strains (ε), damage patterns, debondings and contour plot
of the horizontal displacement field.

contrasts with the case of the thinnest specimen, whose simulations exhibits a more stable through-the-
thickness crack propagation with increasing values of the applied strain, leading to higher values of the
final failure strain. This trend is well captured in the present predictions, with the capacity of simulated
damage events of different signatures and extent with physically-sound fracture models.

4.3. Size effect of the 90◦ layer. Comparison with the main theoretical models

This section analyses the role of the 90◦ layer thickness on the different steps of the failure mechanism,
from the first fiber-matrix debonding event to the full transverse crack. Therefore, the current discussion
allows the assessment of the in-situ strength behavior in conjunction with tracking the transition between
micro-cracking to meso-scale damage scenarios.

Figure 11 reports the strain level at which the main characteristic phases of the failure mechanisms
are identified in the computational results as a function of the 90◦ layer thickness.

For the first step, which corresponds to the initial fiber-matrix debonding failure, it can be observed
that the strain level is almost independent of the 90◦ layer thickness. The reason for this is clear, this
event is mostly sensitive to the elastic properties of fiber and matrix, fracture properties of the interface
and fibers radius, see e.g. [42]. Since these parameters are very similar to each other for the three models
herein presented, it is expected to obtain a similar strain level for this first event. Note however that, in a
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Phase field variable

Cohesive damage variable 

Horizontal displacement     (mm)

Saito solution 

= 0.7% = 1.0% = 1.4%

= 0.82% = 1.32% = 1.58%

Figure 10: [0◦2/90◦4/0◦2] laminate results: damage pattern, contour plot of the horizontal displacement field and strain (ε).

lower level of influence, the situation of the neighbouring fibers can also play minor influence. Thus, the
presence of more preferential situations in some models or slight micromechanisms of stress concentrations
as fiber clustering is the main source of the slight differences between the current computations.

For the second event, which stands for the first debond kinking out towards the matrix presents an
interesting size effect: the lowest value of the strain is found for the thinnest laminates, whilst the highest
strain for the intermediate in thickness laminates. Note that current simulations predict nonuniform
evolution since this phenomenon has a notable influence of the specific internal arrangement of the
material, i.e. fibre locations, matrix-rich regions, among other aspects.

Interestingly, for the transverse crack a monotonic size effect can be identified, from the thinnest
laminate to the thickest one, the size effect complies with the classical size effect reported by Parvizi [56]
and subsequent experiments [53, 52, 27]. This trend exhibits a decreasing evolution of the critical strain
leading to a first through-the-thickness transverse crack as the 90◦ layer thickness increases. The reason
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for this size effect can be understood by comparing the evolution of the three stages plotted in Figure 11.
Whereas first and second stages are very dependent on scattering on fibers arrangements, the third stage
is significantly affected by the energy available to be released in a potential crack propagation. Thus, the
key point is the nature of the damage evolution from the very first crack kinking out the fiber-matrix
interface towards the matrix up to the full transverse crack. Once the first kink out occurs, the nature of
this damage evolution is going to depend on the elastic energy available to propagate this crack up to span
the whole thickness. For thinnest laminates, even if the first kink occurs prematurely, the elastic energy
available to be released is low and the progression requires a significant increase of strain. In contrast,
for the other laminates the increase in strain from second to third stage is significantly lower, showing
a behavior much more unstable. In fact, for the thinnest laminate, it is not expected that this stable
evolution can be detected by acoustic emission, which is the classical method used to detect transverse
cracks in experiments. This crack would be likely detected in a subsequent stage of propagation as
tunneling crack, which would be unstable in the last stage.

Figure 11: Effect of the 90◦ layer thickness on the strain for which the different steps of the process of crack initiation are
observed in the computational model

Beside the previous discussion, it is interesting to analyze the results summarized in Figure 11 advo-
cating previous theoretical models in order to explain the size effect observed in classical experiments,
see the review outlined in [27].

One of the most accepted model in the related literature is the so-called Dvorak’s formulation [24],
which is based on assuming that a damage zone grows stably up to a certain critical length where it
commences to progress unstably. Under such conditions, the critical length is assumed to be a material
property. Very succinctly, the relation between this critical length and the 90◦ layer thickness promotes
the size effect and differences on the crack growth direction (which can evolve either as a tunneling crack
or a transverse-thorugh the thickness crack), see [24] for a detailed justification. The weak point of this
model relies on the hypothesis of the existence of a “material critical length” governing the transition
from stable to unstable crack growth. It is interesting to observe that the transition has been identified
here, see discussion in Section 4.1. However, the relation between the transition and a critical length
could be certainly concluded. In addition, it is worth noting that the nature of crack growth between the
first kink and the first transverse thorugh-the-thickness crack in Figure 11. The evolution is much slower
for the thinnest laminate than for the other two laminates, experiencing a clear crack propagation delay.
This could be related with the consequence of the Dvorak theoretical model, which claims that: (i) the
growth in the thinnest laminates is always stably along the thickness direction, and (2) unstably crack
growths mostly occur as a tunneling crack along the width of the specimen.

Note however that two alternative theoretical models, incremental energy criterion [33] and finite
frature mechanics [39, 28], explain the size effect assuming an abrupt onset of a crack with a finite length.
The justification for this abrupt onset is the micromechanical transition from damage to crack. Some
evidences can be observed here in the transition between a damage zone which span the whole thickness
and after the first kink with a fast growth of the crack (particularly for [02/902/02] and [02/904/02]). The
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comprehensive study of this phenomenon, i.e. how abrupt is this crack growth, would require a robust
dynamics analysis which falls beyond the scope of the present study.

Finally, within this context, it is worth mentioning the existence of a different theoretical model which
relies on the Weibull statistical theory in order to provide a plausible argument to this in-situ strength
effect, see [40]. This model bases the explanation of the size effect on the presence of flaws of a size
statistically distributed per unit of volume. Basically, since thicker layers are characterized by larger
volumes, they posses a higher probability for the presence of larger flaws. Note however that since the
analysis presented here is purely deterministic and no dispersion on the material properties have been
introduced, this model cannot be properly evaluated and discussed within the context of the present
study.

5. Conclusions

In this work, a micro-mechanical analysis of fracture events in cross-ply laminates under in-plane
monotonic loading has been conducted. The main focus of the current investigation concerned the
investigation of scale effects in such specimens using computational micromechanics. For this purpose,
multi-scale embedded models have been generating via the reproduction of the fibre internal arrangements
of the specimens reported in [62].

Differing from alternative studies, the current numerical strategies encompassed the combined use
of the CZM and the PF approach of fracture for respectively triggering failure events at fiber-matrix
and within the matrix. The adaption of such numerical tools ensured the simultaneously accounting for
critical elastic energy release rate and critical stress.

The emphasis of the analysis has been devoted to the careful identification of the different phases of
failure events within the specimens in conjunction with the study of the analysis of the 90◦ layer thickness
on the onset of progression of though-the-thickness crack, which has a strong connection to the so-called
in-situ strength effect in fibrous composite materials.

Current predictions exhibited a closed qualitative agreement with respect to the experimental data
available in the related literature, see [56, 36, 28]. The proposed numerical technique enable the consistent
capturing of the sequence of damage events in laminates of the family [0◦2/90◦n/0

◦
2], with n=2, 4 and

8. In particular, it has been identified that the first damage mechanisms correspond to fibre-matrix
decohesion events. Upon loading progression such phenomena coalesced leading to the generation of
transverse through-the-thickness cracks within the matrix. Actual crack paths strongly depends on the
particular fibre distributions, leading to possible branching and coalescence scenarios specially in thick
laminates. This was in good agreement with respect to the experimental data. Nevertheless, present
predictions presented deviations with respect to the strain levels at which these phenomena occurred.
These differences are mainly attributed to possible 3D effects that have not been taken into consideration
in the present 2D modeling framework.

With respect to the analysis of the in-situ strength effect in these specimens, it was found that the
current numerical technique was in good agreement with the trend introduced by Dvorak’s [22, 23, 24]
in terms of through-the-thickness fracture propagation based on the thickness of the central 90◦ layer.
analyzing the current numerical data, we observed a clear cracking propagation delay within the matrix
for the thinnest specimen, which caused the increase in the apparent critical strain for the development
through-the-thickness in comparison with the other two configurations.

Finally, it is worth mentioning that current results evidenced the strong potential of the proposed
numerical framework comprising: (i) the use of physically-based fracture modeling capabilities that
properly accounted for capturing size effects in engineering, which cannot be retrieved using Griffith-
based theories, Linear Elastic Fracture Mechanics and stress-based damage capabilities, among others,
(ii) its inherent versatility for triggering very complex fracture phenomena with reduced mesh-dependent
pathology and without remarkable limitations in terms of geometry and constitutive laws at the material
level. These attributes motivate the developments of further enhancement of the current framework
to investigate additional cracking events in composite materials at different scales. Thus, in future
investigations, the current model would include an interface between 0◦- 90◦ plies for capturing scenarios
with regard to the delamination or penetration into the 0◦ ply of the transverse matrix crack. In addition
to the previous comments, an additional prospective activity of notable importance is the application
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of the present methodology in 3D problems in order to capture tunneling effects. This requires the use
of HPC architectures, being currently generated exploiting different phase field formulations [72, 71].
Moreover, from a modeling standpoint, several future extensions are worth to be explored. First, a
dynamic model could be required to study the stability of the process of transition from damage to
cracking, owing to the dynamic character of such phenomenon. Second, the inclusion of the matrix
plastic behaviour would deserve a special attention, specifically for the incorporation of thermoplastic-
based polymeric matrices and potentially the investigation of alternative composite materials, such as
short fibre reinforced polymeric (SFRP) composites [16, 19, 18], among many others. These further
developments are within the scope of including additional nonlinear effects in high-fidelity micromechanics
ranging from the previously mentioned plastic-character of the matrix [17] to capturing fatigue-induced
cracking events within the framework of the phase field method [37].

Acknowledgements
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(Spain) for financial support under the contract US-1265577 that belongs to the Programa Operativo
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