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Abstract. The growth of fiber/matrix interface cracks (debonds) located on 
consecutive fibers along the through-the-thickness direction is studied in glass fiber-
epoxy UD composites. Two different families of Representative Volume Elements 
(RVEs) are developed: the first implements the classic condition of coupling of the 
vertical displacements to model a unit cell repeating symmetrically along the vertical 
(through-the-thickness) direction; the second uses a novel set of boundary conditions, 
proposed here by the authors, to represent a unit cell repeating anti-symmetrically 
along the vertical direction. The model is analyzed in the context of Linear Elastic 
Fracture Mechanics (LEFM) and the Mode I and Mode II Energy Release Rate are 
evaluated to investigate crack growth. The calculation is performed using the Virtual 
Crack Closure Technique (VCCT) and the evaluation of the J-Integral in the 
framework of the Finite Element Method (FEM). It is found that Mode I dominated 
propagation is favored when debonds are located on the same sides of their respective 
fibers, while larger debond sizes can be achieved in Mode II dominated growth when 
they lie on the opposite sides. No effect is present when at least two fully bonded 
fibers are located between the partially debonded ones. 

1 INTRODUCTION 

Organized and completed over the last three decades, the three World Wide 
Failure Exercises (WWFEs) [1-3] represent one of the most comprehensive attempts 
to date to evaluate the maturity of failure criteria and predictive theories of damage of 
Fiber-Reinforced Polymer Composites (FRPC). The third and last one (WWFE-III) 
aims at providing a benchmark for models of sub-critical damage, namely matrix 
cracking, delamination and fiber failure, by comparing the independent predictions of 
12 different approaches (each one from a different individual, group or institution) 
over 13 test cases [3]. The comparison of predictions by the different theories shows a 
wide scatter of results, symptomatic of the immaturity of the field [4]. Furthermore, it 
uncovers the existence of gaps in the knowledge shared by all models. Among these, 
a clear understanding is still elusive regarding the mechanisms of onset of transverse 
cracking. 

Onset of transverse cracks is determined at the microscopic level by initiation and 
propagation of fiber-matrix interface cracks [5,6], or debonds. Debonds first grow 
along the arc direction of the fiber; at a certain critical size they kink out of the 
interface and lead to the onset of matrix micro-cracks; micro-cracks coalesce together 
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forming a through-the-thickness (transverse) crack [7]; the transverse crack finally 
propagates along the fiber direction, i.e. across the width of the laminate. Thus, 
understanding the mechanism of debond growth and predicting debond critical arc 
size (at which kinking starts) represent an important step in the development of 
precise predictive models of transverse cracking. 

 
Fig. 1. Debonds in the 90° layer of a [0°/90°]S laminate after being subjected to tensile strain in the 

horizontal direction. 

Initial attempts to analyze the mechanics of debonding were based on the linear 
elastic solution of a single partially debonded fiber in an infinite matrix with an 
applied tensile stress at infinity, evaluated analytically by using complex potentials 
[8-10]. It was found that stress and displacement fields have an oscillating singularity 
at the crack tip, which prevents the use of Stress Intensity Factors (SIFs) as they are 
not defined in the debond tip’s neighborhood. The Energy Release Rate (ERR) is 
thus, since those first works, used to characterize debond growth. However, the 
presence of an oscillating singularity does not allow the partition of the ERR into its 
Mode I and Mode II components at the crack tip. This in turn implies that the Energy 
Release Rate has to be evaluated over a small but finite distance from the crack tip, 
which makes the problem suitable for a domain-discretization based solution 
technique such as the Finite Element Method (FEM) or the Boundary Element 
Method (BEM). In subsequent works [11,12], it was showed that Toya’s analytical 
solution [10] implies a non-physical interpenetration zone in the crack tip 
neighborhood. This led to the introduction of a no-interpenetration contact interaction 
which, solved with the Boundary Element Method (BEM), showed the existence of a 
contact zone (a finite size region in which crack faces are in contact) for debonds 
larger than a critical value [12]. In [13], the authors compared the one-debond with 
respect to the two-symmetric-debonds configuration and found that the former is 
energetically the most favorable to crack growth. The effect of several load 
combinations on ERR of a single partially debonded fiber in an effectively infinite 
matrix was later studied [14-16], as well as the effect of a neighboring fully bonded 
fiber [17,18]. The presence of a second partially debonded fiber, with debonds facing 
each other, was studied in [19]. 

Microscopic observations of debond growth, such as the one reported in Fig. 1, 
show debonds developed on the same as well as the opposite sides of consecutive 
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fibers on average aligned along the vertical, i.e. through-the thickness, direction. It is 
thus interesting to investigate the effect on debond ERR of the position of the next 
debond on the neighboring partially debonded fiber along the vertical direction. To 
this end, we develop Representative Volume Elements (RVEs) which, by application 
of displacement-coupling boundary conditions along the right and left sides, are 
repeating in a mirror-like fashion horizontally. The use of coupling conditions on the 
vertical displacement along the upper boundary models the presence of another 
partially debonded fiber with a debond of equal size and on the same side. In order to 
model the case of a fiber with a debond of equal size but appearing on the opposite 
side, we propose a set of anti-symmetric coupling conditions that are applied to the 
upper boundary. Details regarding coupling conditions, RVEs and Finite Element 
(FE) discretization are presented in Sec. 2 and Sec. 3, while results are presented and 
discussed in Sec. 4.  

2 REPRESENTATIVE VOLUME ELEMENTS (RVES) 

Two families of RVE are studied in the present work. RVEs from both families: 
1. represent a Uni-Directional (UD) composite, infinite in all 3 directions 

(length, width and thickness); 
2. are solved using plain strain conditions, and thus represent a debond whose 

length along the fiber is much greater than its arc size; 
3. consider two linear, homogeneous, isotropic elastic phases, i.e. glass fiber 

and epoxy matrix, whose properties are reported in Table 1; 
4. possess a centrally-placed partially debonded fiber and have a total of 𝑛 

fibers along the horizontal direction (loading direction, transverse to 
composite 0° direction) and 𝑘 in the vertical (i.e. through-the-thickness) 
direction; 

5. repeat infinitely along the horizontal direction in a mirror-like way (the 
next repeated element to the right is the mirror image with respect to the 
right-side boundary) thanks to the application of coupling conditions on the 
horizontal displacement along the right and left sides of the element; 

6. are symmetric with respect to the horizontal axis, which allows the 
discretization of only half RVE through the application of symmetry 
boundary conditions on the lower side; 

7. are subject to tensile loading in the form of applied displacement 
corresponding to a 𝑥-strain level of 1%. 

The distinction between the two families of RVE lies in the boundary conditions 
applied along the upper side. 

Material E [GPa] ν[-] 
glass fiber 70.0 0.2 

epoxy 3.5 0.4 

Table 1. Material properties of glass fiber and epoxy adopted in the present study. 

The first family has coupling conditions applied to the vertical displacement of the 
points belonging to the upper side, such that 

𝑢௬(𝑥, ℎ) = 𝑢௬
ఔ ,                                                      (1) 
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where ℎ is the height of the RVE and 𝑢௬
ఔ is the unknown vertical displacement of the 

upper boundary due to Poisson’s effect, which is evaluated as part of the elastic 
solution. 

 
Fig. 2. Representative Volume Element 𝑛 𝑥 𝑘 − 𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 of a UD composite with debonds appearing 
every 𝑛 − 1 and every 𝑘 − 1 undamaged fibers respectively in the horizontal and vertical direction. In 

the vertical direction, on fibers belonging to the same “column”, debonds are located always on the 
same side.  

This condition implies that the element is repeating along the vertical direction, 
symmetrically with respect to the upper boundary line. It means, in turn, that the next 
debonded fiber will have a debond on the same side as the preceding one (see Fig. 2). 
We will refer to this set of RVEs as 𝑛 𝑥 𝑘 − 𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔, where 𝑛 and 𝑘 are the number 
of fibers respectively in the RVE’s horizontal and vertical direction. 

The second type of RVE has a set of boundary conditions applied to the upper side 
of the form: 

𝑢௬(𝑥, ℎ) − 𝑢௬(0, ℎ) = − ቀ𝑢௬(−𝑥, ℎ) − 𝑢௬(0, ℎ)ቁ ,                 (2) 

𝑢௫(𝑥, ℎ) = −𝑢௫(−𝑥, ℎ) ,                                        (3) 

where ℎ is the height of the RVE and 𝑢௬(0, ℎ) is the unknown vertical 
displacement of the upper boundary’s mid-point due to Poisson’s effect, which is 
evaluated as part of the elastic solution. This condition, an anti-symmetric coupling 
condition, implies that the element is repeating along the vertical direction, anti-
symmetrically with respect to the upper boundary line, i.e. the next debonded fiber 
will have a debond on the opposite side with respect to the preceding one (see Fig. 3).  
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Fig. 3. Representative Volume Element 𝑛 𝑥 𝑘 − 𝑎𝑠𝑦𝑚𝑚  of a UD composite with debonds appearing 
every 𝑛 − 1 and every 𝑘 − 1 undamaged fibers respectively in the horizontal and vertical direction. In 
the vertical direction, on fibers belonging to the same “column”, debonds are located on the opposite 

sides of consecutive fibers.  

To the authors’ knowledge, this is the first time that this kind of coupling condition 
is proposed to model the growth of multiple debonds on alternating sides of 
consecutive fibers along the through-the-thickness direction. We will refer to this set 
of RVEs as 𝑛 𝑥 𝑘 − 𝑎𝑠𝑦𝑚𝑚, where 𝑛 and 𝑘 are the number of fibers respectively in 
the RVE’s horizontal and vertical direction. 

3 FINITE ELEMENT SOLUTION 

The length and height of the generic 𝑛 𝑥 𝑘 − 𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 and 𝑛 𝑥 𝑘 − 𝑎𝑠𝑦𝑚𝑚 RVE 
are respectively defined as 

𝑙 = 𝑛 ⋅ 2𝐿  ℎ =
௞⋅ଶ௅

ଶ
 ,                                        (4) 

where 2𝐿 ⋅ 2𝐿 is the size of a 1-fiber unit cell (see Fig. 4) and L is determined by 

𝐿 =
ோ೑

ଶ ට
గ

௏೑
 ,                                                   (5) 

where 𝑅௙ and 𝑉௙ are respectively the fiber radius and volume fraction. The fiber 
radius is assumed to be always equal to 1 𝜇𝑚: within the scope of Linear Elastic 
Fracture Mechanics (LEFM), the ERR is linearly proportional to the fiber radius, 
which is representative of the crack size. Thus, the fiber radius represents a scale 
parameter and a simple multiplication is needed to obtain the ERR for a different 
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value of the fiber radius. The volume fraction is assumed to be homogeneous and 
equal to 60%. 

 
Fig. 4. Schematic of the model with its main parameters. 

The debond size is equal to 2∆𝜃, while the contact zone size is denoted by ∆Φ. 
The crack faces interaction in the contact zone is assumed to be frictionless. 
Consequently, crack faces are modeled as surfaces whose interaction is defined by 
conditions of no-interpenetration and frictionless sliding. 

The model is discretized and solved using the Finite Element Method (FEM) in the 
Abaqus environment [20]. The Mode I and Mode II ERR are computed using the 
Virtual Crack Closure Technique [21] implemented in a custom Python routine, while 
the total ERR is evaluated by means of the Abaqus built-in J-Integral method [22]. 
The mesh is composed by 8-nodes quadrilaterals and 6-nodes triangles with quadratic 
shape functions. In order to ensure the convergence of the Energy Release Rate, a 
regular mesh of quadrilaterals with almost unitary aspect ratio is used in the crack tip 
neighborhood. The size of the elements in this region is characterized by their angular 
size 𝛿, which is always equal to 0.05° in our analysis. The convergence of the model 
has been verified on the 1-fiber RVE with an infinite matrix (𝑉௙ → 0) with respect to 
the BEM results presented in [17]. By comparing FEM and BEM results, it is 
possible to estimate the relative accuracy of our results at around 5%. It implies that 
differences in the ERR smaller than this value cannot be considered significant. 

4 RESULTS & DISCUSSION 

We first devote our attention to the 𝑛 𝑥 1 − 𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 and 𝑛 𝑥 1 − 𝑎𝑠𝑦𝑚𝑚 
Representative Volume Elements. They both represent an infinite UD in which a 
column (i.e. a vertical line) made of only partially debonded fibers, with debonds of 
equal size, is repeating along the horizontal (loading, transverse to laminate 0°) 
direction every 𝑛 − 1 columns of fully bonded fibers. 

In the 𝑛 𝑥 1 − 𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 RVE, debonds appear always on the same side of 
consecutive fibers belonging to the same column, i.e. the debond mid-point is always 
at 0° or 180° inside the same column of partially debonded fibers (see Figure 2). In 
the 𝑛 𝑥 1 − 𝑎𝑠𝑦𝑚𝑚 RVE instead, debonds are placed on alternating sides of 
consecutive fibers belonging to the same column of damaged fibers, i.e. the debond 
mid-point is located alternatively at 0° and 180° inside the same column (see Figure 
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3). Observing Fig. 5 and Fig. 6, it is possible to notice that, for both types of RVE, 
Mode I and Mode II ERR increase when the spacing between columns of damaged 
fibers (measured in terms of number of columns of fully bonded fibers) increases. 

 
Fig. 5. Comparison of Mode I ERR between 𝑛 𝑥 1 − 𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 and 𝑛 𝑥 1 − 𝑎𝑠𝑦𝑚𝑚 RVEs, 𝑉௙ =

60%, 𝜀௫ = 1%. 

This is due to the 𝑥-strain magnification effect: the presence of an increasing 
number of fully bonded fibers between consecutive debonds in the horizontal 
direction causes, for the same applied macroscopic strain, an increase of the local 𝑥-
strain in the debond tip neighborhood. Given that the ERR is equal to the integral of 
the product of stresses and displacements at the debond tip, a magnification of the 
strain, and thus of the displacement, leads to an increase in the value of ERR. 

In reverse, this effect can be interpreted as a consequence of crack shielding: 
increasing the number of columns of partially debonded fibers in the UD decreases 
the local magnitude of the strain at the debond tip, as the presence of a debond causes 
a gap in the displacement field. In turn, decreasing the magnitude of the 
displacements in the debond neighborhood decreases the ERR. 

As for smaller debonds the x-displacement contributes mainly to the Crack 
Opening Displacement (COD), the magnitude increase of the local x-displacement 
causes a delay in the contact zone onset (corresponding to 𝐺ூ = 0) by ~10° in both 
sets of RVEs: from 70° to 80° for 𝑛 𝑥 1 − 𝑎𝑠𝑦𝑚𝑚, from 90° to 100° for 𝑛 𝑥 1 −
𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 (see Fig. 5). On the other hand, for larger debonds the x-displacement 
contributes mainly to the Crack Sliding Displacement (CSD) and its increase causes 
the maximum of 𝐺ூூ to occur at larger debond sizes: from 80° to 100° for 𝑛 𝑥 1 −
𝑎𝑠𝑦𝑚𝑚, from 60° to 90° for 𝑛 𝑥 1 − 𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 (see Fig. 6). 

Comparing the two families of RVE, it is possible to see in Fig. 5 that 𝐺ூ is 
consistently higher for 𝑛 𝑥 1 − 𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔. Similarly, the onset of the contact zone in 
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𝑛 𝑥 1 − 𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 (at 90° − 100°) is significantly delayed with respect to 
𝑛 𝑥 1 –  𝑎𝑠𝑦𝑚𝑚 (at 70° −  80°). 

 
Fig. 6. Comparison of Mode II ERR between 𝑛 𝑥 1 − 𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 and 𝑛 𝑥 1 − 𝑎𝑠𝑦𝑚𝑚 RVEs, 𝑉௙ =

60%, 𝜀௫ = 1%. 

In the 𝑛 𝑥 1 − 𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 RVE, in the case of smaller Mode I dominated debonds, 
the presence of a debond on the same side of the consecutive fiber provides a local 
free surface which causes the matrix to shrink away from the surface of the two 
fibers.  This mechanism favors the opening of crack faces, and thus an increase in 
Mode I ERR. In 𝑛 𝑥 1 − 𝑎𝑠𝑦𝑚𝑚 RVE, on the other hand, the matrix in the debond 
tip neighborhood is constrained by the next fiber (debonded on the opposite side) 
which reduces the x-displacement. 

Comparing Mode II ERR for the two types of RVE in Fig. 6, 𝐺ூூ appears to be 
higher for 𝑛 𝑥 1 –  𝑎𝑠𝑦𝑚𝑚 RVEs than for 𝑛 𝑥 1 − 𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 in the 80° − 100° range 
while slightly lower for smaller debonds (< 80°). Mode II peak value is delayed in 
𝑛 𝑥 1 –  𝑎𝑠𝑦𝑚𝑚  to larger debond sizes (80° − 100°) than in 𝑛 𝑥 1 − 𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 
(60° − 90°). For larger values of Δθ (~80° − 100°), the presence of a local free 
surface due to a debond on the same side of the consecutive fiber causes a decrease in 
the x-displacement at the crack tip, which now contributes mainly to Mode II. When 
debonds are located on opposite sides of consecutive fibers, the presence of a fully 
bonded interface leads instead to a magnification of the x-displacement at the crack 
tip, and thus an increase in 𝐺ூூ. When debonds on consecutive fibers reach a size of 
~110°, they are creating two free surfaces close to each other, which cause a 
relaxation in the elastic fields in both types of RVE. This leads to a quick decrease in 
the value of Mode II ERR and makes the results of the two different RVEs practically 
indistinguishable. 
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Fig. 7. Comparison of Mode I ERR between 𝑛 𝑥 3 − 𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 and 𝑛 𝑥 3 − 𝑎𝑠𝑦𝑚𝑚 RVEs, 𝑉௙ =

60%, 𝜀௫ = 1%. 

It is at this point interesting to investigate the effect of the presence of fully bonded 
fibers between two consecutive partially debonded fibers in the through-the-thickness 
direction. 

 
Fig. 8. Comparison of Mode II ERR between 𝑛 𝑥 3 − 𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 and 𝑛 𝑥 3 − 𝑎𝑠𝑦𝑚𝑚 RVEs, 𝑉௙ =

60%, 𝜀௫ = 1%. 
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A comparison of Mode I and of Mode II ERR between 𝑛 𝑥 3 − 𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 and 
𝑛 𝑥 3 –  𝑎𝑠𝑦𝑚𝑚 are reported respectively in Fig. 7 and in Fig. 8: the presence of only 
one fully bonded fiber on top and below the partially debonded one in the RVE (two 
fully bonded fibers between two consecutive debonded ones in the UD) already 
makes the results of the two different RVEs practically identical. The effect of the 
relative position (same or opposite sides of the fibers) of two consecutive debonds in 
the through-the-thickness direction is thus an extremely localized problem: the 
presence of just two fully bonded fibers in between makes the two configurations 
indistinguishable, at least from an energy point of view. 

5 CONCLUSIONS 

Two different types of Representative Volume Element have been developed to 
study the effect of the relative position (same or opposite sides of the fibers) of 
consecutive debonds in the through-the thickness direction. The RVEs are repeating 
in the horizontal direction thanks to the application of coupling conditions on the 
horizontal displacements on their right and left sides. The case with debonds located 
on the same side of their respective fibers is modeled using conditions of coupling of 
the vertical displacements on the top boundary, which corresponds to the element 
repeating in the vertical (through-the-thickness) direction in a symmetric way. In 
order to model the second configuration, with debonds placed on opposite sides of 
consecutive fibers, a novel set of coupling conditions is introduced, which models an 
element repeating in the vertical direction anti-symmetrically. 

Debond growth is characterized through the evaluation of Mode I and Mode II 
Energy Release Rate by means of the Virtual Crack Closure Technique. The 
comparison between the ERR of the two families of RVE provides insights into the 
effect of the relative position of debonds (same or opposite sides of the respective 
fiber) belonging to fibers aligned in the vertical or through-the-thickness direction, 
i.e. located in the same “column” of fibers. It has been found that: 

1. the relative position of debonds, i.e. same or opposite sides of vertically 
aligned fibers, influences the ERR only if debonds are located on 
consecutive fibers: the presence of just one fully bonded fiber on top and 
below the debonded one in the RVE (two fully bonded between two 
consecutive debonded fibers in the UD) makes the ERR unaffected by 
debonds’ relative position; 

2. when debonds are located on consecutive vertically-aligned fibers, 𝐺ூ is 
higher and contact zone onset is delayed if debonds are on the same side of 
their respective fibers; 

3. no significant difference in 𝐺ூூ between the two RVE families can be 
observed except in the range ∆𝜃 = 80° − 100°, in which it is higher when 
debonds are located on opposite sides of consecutive vertically-aligned 
fibers. 

Given that debond growth is likelier when the Mode Ratio is Mode I dominated, it is 
reasonable to expect that the growth of consecutive vertically-aligned debonds with 
no fully bonded fiber in between is favored when they are located on the same side of 
their respective fibers. However, assuming that the applied strain is high enough to 
cause debond growth, larger debond sizes are reached when debonds are on opposite 
sides. When instead vertically-aligned debonds are separated by fully bonded fibers, 
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neither configuration (debonds on the same or opposite sides of the debonded fibers) 
is favored from an Energy Release Rate point of view. 
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