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Abstract 

Fiber/matrix interface cracking plays an important role in determining the final failure 

of unidirectional composites. In the present study, energy release rate (ERR) for 

fiber/matrix interface debond growth originated from fiber break in unidirectional 

composite is calculated using 5-cylinders axisymmetric and 3-D FEM models with 

hexagonal fiber arrangement. In the model the debonded fiber is central in the 

hexagonal unit which is surrounded by effective composite. The effect of neighboring 

fibers focusing on local fiber clustering on the ERR is analyzed by varying the 

distance between fibers in the unit. Two different scenarios are considered, one is the 

steady-state debond where debond are long and thus there is no interaction between 

debond tip and fiber break; the other case is when debond are relatively short when 

debond tip interacts with fiber break.  The steady-state ERR is calculated from 

potential energy difference between a unit in the bonded region far away from the 

debond front and a unit in the debonded region far behind the debond front. The ERR 

for different modes of crack propagation is obtained from a FEM model containing a 

long debond by analyzing the stress at the debond front. For very short debonds, the 

ERR was calculated by both the J integral and the Virtual crack closure technique 

(VCCT).  

For steady-state debond growth, results show that in mechanical axial tensile loading 

fracture Mode II is dominating, it has strong angular dependence (effect of closest 

fibers) but the average ERR is not sensitive to the local fiber clustering. In thermal 

loading the Mode III is dominating and the average ERR is highly dependent on the 

distance to neighboring fibers. For short debod growth, results show that the debond 

growth is Mode II dominated and that the ERR strongly depends on the angular 

coordinate. The local fiber clustering has larger effect on the angular variation for 

shorter debonds and the effect increases with larger local fiber volume fraction. 

Finally, the ERR values from 5-cylinder axisymmetric model could be considered as 

upper bound for the 3-D hexagonal model. 
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1. Introduction 

Composites have been widely used in engineering industry especially in Aerospace 

industry and wind energy industry due to their unique mechanical properties 

compared to traditional metal materials.  One of most attractive features of composites 

is their design flexibilities, i.e. engineers could design composite structures with 

desired properties by selecting different lay-up of composite, reinforcement or matrix 

materials etc.  However, those advantages also pose greater challenges as failure of 

composite structures would be more complicated than metal in most cases, multiple 

failure mechanisms would be triggered either at the same time or in a sequence. As to 

composite structures, most of them are design to serve for a long period of time, 

during which they will sustain large cycles of repeated loading. For most commonly 

used fabric reinforced polymer matrix composites, matrix cracking, fiber/matrix 

interface debonding, delamination as well as fabric breakages are the most common 

failure mechanisms upon cyclic loading. In reality, most of composite structures 

consist of multiple layer of composite with different orientations in order to realize 

certain mechanical properties. However, as to load bearing parts, substantial 

composite layers are adopted with fiber oriented along loading directions, meanwhile, 

it has been shown that the final failure of composites depends on such unidirectional 

(UD) composites layers [1-3]. As a result, it is of importance to understand the failure 

mechanism of UD composites during cyclic loading especially under tensile cyclic 

loading.  

1.1 Fatigue failure of UD composites 

When subjected to increasing or repeated tensile loading, depending on applied load 

level, failure of UD composite could be governed by different mechanisms, which 

could be summarized in fatigue life diagram proposed by Talreja [2]. As shown in the 

Fig.1, fatigue life diagram could be divided into three region. In horizontal region I 

where applied load is larger than the strength of fiber, fiber breakages is the main 

failure mechanism. During first cycle of loading, individual fiber with lower strength 

than maximum stress breaks randomly, upon further application of loading, due to 

stress concentration causing by the broken fiber, more discrete fiber break occurs until 

a critical fracture plane is formed where crack propagate unstably and lead to final 

failure of UD composite. Because fiber is considered not to experience fatigue, that 
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whole process is thus non-progressive and highly statistical. When the applied load is 

lower than the strength of fiber, during first application, due to the statistical nature of 

fiber strength, individual fiber break would still occur at their weakest position as well 

as subsequent fiber/matrix interface debonding and matrix cracking, upon further 

loading, more fiber break would occur near previous damage region, as well as further 

growth of previous debond and fiber-bridged matrix cracking, final failure would 

occur when a critical fracture plane is formed by connecting each individual fiber 

breaks through debonding and matrix cracking. Finally, if applied load is so low that 

although certain damage events occur during loading, they will be arrested upon 

further loading. Then it reached fatigue limit as shown in the Fig.1, where final failure 

would not occur during cyclic tensile loading. A systematic experimental work to 

demonstrate fatigue life diagram could be found in [4, 5]. 

 

 

Fig.1. Fatigue life diagram for UD composite under cyclic tensile loading (Courtesy of  Prof. Talreja) 

 

In an ideal situation, engineer would like to design structures to sustain service load 

that below fatigue limit. However, the exact threshold for fatigue limit is still 

unknown especially given the fact that the whole progressive failure process of UD 

composites is not clear. As a result, it’s important to investigate possible failure 



3 

 

mechanism within progressive failure region in order to gain more understanding 

towards fatigue limit.  

Based on the discussion above, it is clear that fiber/matrix debonding as well as matrix 

cracking play significant role in progressive failure of UD composite. In the present 

research, focus will be taken on fiber/matrix debonding under tensile fatigue loading.  

1.2 Fiber/matrix interfacial debonding in UD composites.  

It has been shown that interfacial debonding would deflect original propagating brittle 

crack and thus increase the overall fracture toughness of composites [6, 7]. Although 

the concept of fiber/matrix interface it is widely accepted nowadays [8-10], the exact 

properties of interface is still unknown. In order to characterize the interface 

properties, single fiber fragmentation test has been widely adopted due to its 

experimental simplicity [11-16]. At the same time, it could also be used to calculate 

statistical parameters for fiber strength [17-20]. The idea of fiber fragmentation was 

first described by Kelly and Tyson [21] where they studied the interface strength of 

fiber-reinforced metal by assuming a linear stress build up from fiber break end. 

Based on shear-lag typed analysis that tensile stress is transferred back to fiber 

through shear stress transforms along fiber/matrix interface from fiber break, they 

proposed that critical length of fiber lc is related to the yield strength of fiber/matrix 

interface by Eqn.1, where 𝜎𝑓 the fiber breaking strength, r is is the fiber radius and 𝜏𝑦 

is the yielding strength of the interface, which could also be characterized as 

fiber/matrix interfacial strength in literature published later on although the expression 

would be different based on the methods, for example, in [11, 12, 22]. In the single 

fiber fragmentation test, a continuous single fiber is usually embedded in a dog bone 

shape matrix subjected to tensile loading along fiber direction. Upon loading, fiber 

breaks at its weakest position, with increase of applied load, more fiber breaks occur 

until it reach saturation state where the distance between two fiber break is not long 

enough for the tensile stress to recover to induce further fiber break. During single 

fiber fragmentation, it is found that based on the fiber/matrix interfacial properties, 

fiber radius as well as other factors, both fiber/matrix debonding, matrix cracking and 

matrix shear yielding would occur after initial fiber break [23-25]. Optical method is 

commonly used to observe stress state near fiber break. Fig.2 shows the typical 
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birefringence pattern at fiber break for carbon/epoxy composites, due to the high shear 

stress concentration near fiber break, fiber/matrix interface failure could be found 

(sheath region), as reported in [12, 14], and symmetric birefringence is usually found 

on both side of fiber beak. Based on the experimental finding from single fiber 

fragmentation test, several analytical work and numerical work have been carried out 

to study the stress transfer between fiber/matrix interface as well as fiber/matrix 

debond growth from fiber break [16, 23, 26-29] 

                                                                    𝑙𝑐 =
𝜎𝑓 𝑟

𝜏𝑦
                                                            (1)                                                                            

 

 

 

Fig.2. Birefringence pattern at fiber break (Figure adopted from [12] ) 

 

As useful as it is, however, in single fiber composite model, it does not account for the 

effect of surrounding constituents, which would affect obtained results as stress field 

near certain fiber is closely related to its surrounding medium. Previous research [30-

42] adopted multiple fibers in the specimen in order to investigate the influence of 

neighboring fiber on Stress Intensity Factor (SCF) and subsequent fiber breakage 

process. However, the effects of neighboring fibers on debond growth from fiber 

break is yet to be clearly understood. As an improvement of single fiber composite 

model, several numerical and analytical investigations [43-47] on debond growth 

from single fiber break have been conduct recently. The whole model was constructed 

based on three-phase concentric cylinders, with initial broken fiber and surrounding 

matrix to be the first two rings and neighboring substituents around them to be 

smeared into an effective composite phase with homogenized composite properties. 

ERR is calculated as driving force to debond growth. It’s found that two distinct 
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region existing during debond growth, first one is when debond length is relatively 

short and there will be interaction between debond tip and fiber break, which would 

affect obtained ERR depending on debond length; The other region is when debond 

length is long enough such that there is no interaction between debond tip and fiber 

break, debond would grow steadily with ERR being constant with increasing debond 

length. In this steady-state region, an analytical model is able to obtain and good 

agreements were reached between numerical results and analytical model.  

Despite the accuracy of previous models described above, they have analyzed an 

idealized geometry without taking into account the possible non-uniformity of the 

local fiber arrangement which is present in most of the real cases. It can be expected 

that the local microstructure would also affect the stress state around the broken fiber 

and hence it can affect the debond growth rate. In order to account for the effect of 

local fiber arrangement on debond growth, a five concentric cylinder Finite Element 

(FE) model is constructed and will be discussed in the following section. 

1.3 Introduction of 5-phase axisymmetric FE models  

Based on the idea of 3-phased axisymmetric model in [43-46], a 5-phased 

axisymmetric FE model is constructed in order to study the neighboring fiber effect 

on debond growth from single fiber break. Similar axisymmetric FE model containing 

multiple concentric cylinder rings have been previously proposed in [34, 37] and 

successfully used to calculate the SCF of neighboring fibers near initial broken fiber. 

In the present FE model, fibers in UD composite are assumed to be hexagonal 

packing. As shown in Fig.3 and Fig.4, neighboring fibers surrounding broken fiber is 

simplified as another ring of fiber, the cross section area of neighboring fiber ring 

equals to the total sum of cross section areas of six nearest fiber around broken in a 

hexagonal packing UD composite. Two distinct debond growth region were also 

investigated, corresponding model is shown in Fig.3 and Fig.4, separately. 

For the models shown in Fig.3, z  is the symmetry axis showing the axial direction 

and r  is the radial direction. In Fig.3 fr denotes the radius of the central fiber, ID  is 

the arbitrary inter-fiber distance between the central and neighboring fiber cylinder, 

R  is the radius of fiber/matrix unit, ER  is the external radius of the concentric 

cylinder model including the effective composite phase, ddl  is the length of the model. 
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the radius of the neighboring fiber phase was determined such that it represents the 

area of 6 nearing fibers surrounding the central fiber in a hexagonal fiber 

arrangement, radius R  of the fiber/matrix unit was determined from the given 

volume fraction fV  and the previously defined geometry entities. The outer radius of 

the concentric cylinder model RE was chosen so that it could get close to the case 

where composite radius is infinite compared to single fiber radius while retain 

calculation efficiency. Energy method was adopted in order to calculate ERR for 

steady state model.  For the model shown in Fig.4, Lf is the model length and is 

chosen such that the calculated ERR is free of effect of upper boundary. And Ld is the 

debond length which is varying during calculation, the other parameters are the same 

as those in the steady-state model shown in Fig.3. J integral and VCCT method were 

adopted in order to calculate ERR for each debond length using FEM software 

ANSYS [48]. Detailed FE model and results have been well documented in Paper A 

in the present thesis.   

 

 

 

Fig. 3. Schematic representation of a 5-phase FEM model: F – fiber, M – matrix, C – 

effective composite. a) bonded region; b) debonded region. 
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Fig. 4. Schematic representation of a 5-phase concentric cylinder assembly FEM model for 

short debond energy release rate calculations: F –fiber, M – matrix, C – effective composite. 

 

1.4 Introduction of 3-D hexagonal model  

To further improve our understanding of neighboring fibers effects on debond growth 

from single fiber break, a 3-D hexagonal FE model is constructed. Compared with 

previous axisymmtric model, 3-D model is able to better account for the real 

composite structures and thus able to predict the possible angle variation of ERR 

along debond front. In this section, we’ll give a brief description of the 3-D model, 

more detailed information will be shown in Paper B and Paper C including in this 

thesis.  

In the 3-D model, same as previous 5-cylinders model, a UD composite with an 

isolated fiber break and partial interface debonding in vicinity of the fiber break in the 

bulk of the composite is investigated. Fibers within UD composites is assumed to be 

hexagonal packing, as shown schematically in Fig.5. The length of the composite is 

2Lf, z  axis denotes the axial (fiber) direction of the composite. In the present study the 

UD composite is simplified as a cylindrical shape model with length Lf (assuming 

symmetry) as shown in Fig.7b. The broken and partially debonded fiber is located at 

the center of the model, the neighboring fibers are situated in a hexagonal pattern 

surrounding the broken central fiber. The geometrical parameters are shown in detail 
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in a cross-section of the model in Fig.6. In Fig.6, r and θ are the radial and angular 

coordinate axes, respectively. The central and neighboring fibers are surrounded by 

matrix with the outer radius of the matrix phase rm defining the global volume fraction 

of the fibers Vf . The fiber and matrix unit is surrounded by the effective 

(homogenized) composite phase with volume fraction Vf , the outer radius of the 

effective composite is denoted as rc. In order to study the effect of the neighboring 

fibers on debond growth ERR, inter-fiber distance values af is considered as variables 

while the radius of the fiber/matrix unit rm is fixed. For each inter-fiber distance we 

can define a local fiber volume fraction loc
fV which represents the fraction of fibers 

inside the hexagon joining the centers of the surrounding fibers, see Fig.6. In the 

following discussion we will use local volume fraction loc
fV  as a measure of the local 

fiber distribution. A lower local volume fraction represents larger inter fiber distance 

af and vice versa. Due to periodicity, only one twelfth of the composite is modeled, as 

shown in Fig.5c. In Fig.5c and further in the text dl  denotes the debond length 

measured from the fiber break.  

Similar to the axisymmetric case, both energy method and fracture mechanics method 

will be adopted in order to calculate the ERR of debond with different length.  

 

 

 

Fig.5. a) UD composite with a broken and partially debonded fiber; b) Hexagonal distribution 

model; c) One twelfth of model  =30°  
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Fig. 6. Cross-section of the hexagonal model and division of unit cell  =30°. 

 

2. Objectives of current thesis  

1. Conduct numerical investigation on debond growth from single fiber break for 

both steady-state debond growth and short debond growth region using 

axisymmetric and 3-D FE model. For steady-state growth, both energy method 

and fracture mechanics method could be adopt in order to calculate ERR; for 

short debond model, fracture mechanics method would be adopted to 

investigate the neighboring fiber effect. Meanwhile, the possible angle 

variation of ERR along debond front with debond growth could be also 

studied with the help of 3-D model.  

2. The results obtained from 3-D model will be compared with those obtained 

from 5-phased model, as well as analytical model in order to give an 

assessment of ability of different numerical models on the study of this debond 

growth from single fiber break problem and thus lay down the foundation for 

further investigation on the final failure of UD composite.  
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Abstract 

In this paper fiber/matrix interface debond growth in unidirectional composites 

subjected to mechanical tensile loading is analyzed using fracture mechanics 

principles of energy release rate (ERR). The objective of the present study is to 

analyze the effect of neighboring fibers on the ERR. 5-cylinder axisymmetric FEM 

models with adjustable inter-fiber distance were used for ERR calculations. The 

results show that the ERR slightly increases with the inter-fiber distance in the case of 

long debonds. For short debonds, however, because the stress-state is more complex, 

it was found that the debond propagates in a mixed Mode I and Mode II and 

contribution of each mode to the ERR depends on the actual debond length. It was 

found that for very small debond lengths ERR significantly increases with the inter-

fiber distance. 

 

 

1. Introduction 

 

When unidirectional (UD) composites are loaded in fiber direction in cyclic tension-

tension and the tensile load is sufficiently high, multiple fiber breaks occur during the 

first cycle due to statistical distribution of fiber strength. Once the fiber breaks form, 

yielding of matrix or fiber/matrix debonding can be expected near the fiber breaks as 

a result of large shear stresses in the interface region. In the present paper we are 

focusing on fiber/matrix debonding (interface cracks) initiated at the fiber break and 

growing along the fiber, which may be the case for relatively weak fiber/matrix 

interfaces. Interface debond growth leads to progressive degradation of composite 

properties before the final catastrophic failure of the composite. Hence, quantification 

of debond crack growth rate in cyclic loading is important. The debond growth in UD 

polymer composites has been previously analyzed in [1-3] using fracture mechanics 

principles of energy release rate (ERR). In polymeric composites, due to larger 
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Poisson’s ratio and larger coefficient of thermal expansion of the matrix the debond 

growth was shown to propagate purely in Mode II [1-4] when subjected to tensile 

loading and negative temperature changes. It was shown in [1-4] with analytical and 

numerical models that debond growth rate is higher for short debonds due to 

interaction with fiber break which results in magnification of the ERR. As the debond 

crack propagates and the debond crack tip advances far away from the fiber break the 

debond growth becomes self-similar [2,4]. For such case (long debonds) exact 

analytical models for ERR calculation were developed in [1,3]. In [1-3] a cylindrical 

unit cell was used consisting of a broken and partially debonded fiber which is 

surrounded by a matrix cylinder. The effect of the surrounding composite in [1-3] was 

represented by an effective composite cylinder surrounding the fiber/matrix 

concentric cylinder unit cell, see Fig.1.  

 

 

 

Figure 1. 3-phase concentric cylinder assembly model of a broken and partially debonded 

fiber in UD composite: F – fiber, M – matrix, C – effective composite. 

 

Calculations in [3] showed that the presence of the effective composite phase in the 

model is important: ignoring it leads to significantly over-estimated ERR. Despite the 

accuracy of the analytical models, the previous studies [1-3] have analyzed an 

idealized geometry without taking into account the possible non-uniformity of the 

local fiber arrangement which is present in most of the real cases. Certainly, the local 

microstructure can affect the stress state around the broken fiber and hence it can 

affect the debond growth rate. The objective of the present paper is to study the effect 

of the neighboring fibers on debond growth in UD composites. A simple 5-phase 

concentric cylinder model with variable inter-fiber distance keeping the average 



19 

 

volume fraction constant was used to calculate the ERR. FEM software ANSYS [5] 

was used to perform calculations. Only mechanical tensile loading was studied in the 

present paper. 

 

2. Self-similar debond growth 

 

2.1. Analytical solution for 3-phase composite 

 

Prior to analyzing the influence of the neighboring fibers on the debond growth, 

previously obtained results and trends for a 3-phase composite will be briefly 

reviewed. As it will be shown they provide important information for establishing the 

geometry for a 5-phase concentric cylinder model used in the present study. 

 

Energy release rate for self-similar debond growth in UD composites with uniform 

fiber distribution was previously calculated in [1-3] using a 3-phase concentric 

cylinder model. It was shown in [3] that the ERR for self-similar debond growth can 

be expressed as a square of a linear combination of applied mechanical strain mech  

and temperature change T as: 
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II                                                                                (1) 

 

In (1) fr is the fiber radius, fE1  is the fiber longitudinal modulus, c
1  and f

1 are 

thermal expansion coefficients of composite and fiber respectively, 
mk and 

thk  are 

parameters related to mechanical and thermal response respectively. In [3] it was 

found that their dependence on elastic properties of constituents and volume fraction 

fV  is weak and the values are very close to 1. On the other hand, parametric analysis 

performed in [3] showed significant dependency of the ERR on the size of the 

effective composite cylinder revealing that a smaller radius of the composite 

overestimates the ERR. It was found in [3] that the outer radius equal to 10 times the 

fiber/matrix cylinder assembly radius is sufficient to represent an infinite composite 

for ERR calculations with FEM. Based on this result the same proportion between the 

fiber/matrix assembly and the effective composite phase was used in 5 cylinder FEM 

model in the present study.  



20 

 

 

2.2. 5-phase composite FEM model for self-similar debonds 

 

To study the effect of the neighboring fibers on the ERR related to debond growth a 

5-phase composite model was used in the present study, see Fig.2.  The model is 2-D 

axisymmetric and it is similar to a 4 phase model used in [6] simplifying a hexagonal 

fiber alignment by a concentric cylinder assembly. The 5-phase axisymmetric model 

shown in Fig.2 consists of a fiber as a central phase (denoted as F), surrounded by a 

matrix phase (M), neighboring fiber phase (F), another matrix phase (M) and effective 

composite phase (C). For the models shown in Fig.2, z  is the symmetry axis showing 

the axial direction and r  is the radial direction. In Fig.2 fr denotes the radius of the 

central fiber, ID  is the arbitrary inter-fiber distance between the central and 

neighboring fiber cylinder, R  is the radius of fiber/matrix unit, ER  is the external 

radius of the concentric cylinder model including the effective composite phase, ddl  

is the length of the model. In all calculations fiber radius was fixed to fr =4m, the 

model length was ddl =2m, ID  was arbitrarily chosen, the radius of the neighboring 

fiber phase was determined from the condition that it represents the area of 6 fibers 

surrounding the central fiber in a hexagonal fiber arrangement, radius R  of the 

fiber/matrix unit was determined from the given volume fraction fV  and the 

previously defined geometry entities. The outer radius of the concentric cylinder 

model was RRE 10  based on the analysis performed in [3]. 

 

As it was shown in [3], for self-similar debond growth the ERR can be calculated 

from the condition that at fixed applied load F  the bonded region with length ddl  

(Fig.2a) becomes a debonded region with the same length ddl  (Fig.2b). Hence, the 

ERR for self-similar debond growth can be found using the potential energy change 

U  as:  

 

df

II
dlr

U
G
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                                                                                                                (2) 

 

The potential energy difference U  due to debond growth by a unit length ddl  is 

equal to the difference between the additional work ( W ) performed due to the crack 

length increase  and the change in the strain energy ( sU ), i.e.,: 
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sUWU                                                                                                            (3) 

 

 

 

Figure 2. Schematic representation of a 5-phase FEM model: F – fiber, M – matrix, C – 

effective composite. a) bonded region; b) debonded region. 

 

Additional work due to debond growth by ddl  is equal to: 

 

uFW                                                                                                                      (4) 

 

where u is the difference between displacements du0  and bu0  in the debonded and 

bonded regions respectively (see Fig.2a and 2b). To find the displacement difference 

u  and the strain energy change sU  necessary for ERR calculation FEM software 

ANSYS version 13.0 [5] was used. A 2-D model with axisymmetric element behavior 

was generated. The bonded model (Fig.2a) was generated so that the neighboring 

areas share the interface line. In the debonded model (Fig.2b) exactly the same 

geometry as in the bonded model was used, however two coinciding lines were 

generated on the fiber/matrix interface one belonging to fiber and the other to matrix 

area. Contact elements were generated on the fiber/matrix interface in the debonded 

model (Fig.2b). The contact elements were set to comply with pure Lagrange 

multiplier method which enforces zero penetration when nodes are in contact [5]. 

Uniform axial displacement was applied on the bonded model as shown in Fig.2a. 

Reaction force F  for the bonded model was calculated and then applied to the 4 

phases in the debonded model as shown in Fig.2b. Strain energy for each case was 

calculated using element table command (ETABLE) in ANSYS [5]. Displacement 

difference u  between bonded and debonded models was calculated using simple 
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post-processing. According to the objective of the present study the ERR was 

calculated for various inter-fiber distances ID . 

 

3. Short debond growth 

 

For short debonds the debond crack tip is close to the fiber break. It was clearly 

shown in [2] using a 3-phase composite model and in [4] for the single fiber 

fragmentation test analysis that due to interaction between debond and the fiber break, 

the ERR for short debond growth is magnified. In the present study the objective is to 

find the effect of the neighboring fibers on the ERR therefore a 5-phase cylinder 

assembly model was used. Axisymmetric FEM model schematically shown in Fig.3 

was generated in ANSYS [5] to calculate ERR for short debonds. In principle it is 

very similar to the 5 cylinder model used for self-similar debond ERR calculation (see 

Fig.2) with the difference that the fiber break is included in the model, the fiber is 

partly debonded (with debond length denoted as dl  in Fig.3) and the length of the 

model fL  is significantly larger. A uniform axial displacement 0u  was applied in the 

FEM model as shown in Fig.3. The ERR was calculated using the virtual crack 

closure technique (VCCT) routine in ANSYS [5]. VCCT is based on the principle that 

the energy released due to crack propagation is equal to the work required to close the 

same crack surface and that the stress-state near the crack tip is not changing when the 

increase of the crack length is small. Using VCCT routine in ANSYS allows to obtain 

the total ERR as well as components of Mode I and Mode II. 

 

The geometrical entities fr , ID , R  and ER  were the same as in the case of self-

similar debonds described in Section 2. The length of the FEM model was in all cases 

ff rL  200 . The ERR was calculated for various debond lengths dl  and inter-fiber 

distances ID . 
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Figure 3. Schematic representation of a 5-phase concentric cylinder assembly FEM model for 

short debond energy release rate calculations: F –fiber, M – matrix, C – effective composite. 

 

 

 

4. Results and discussion 

 

4.1. Material properties 

 

In the present paper a carbon fiber/epoxy composite (denoted as CF/EP) was studied. 

The elastic properties of the constituents are presented in Table 1. Elastic properties of 

the effective composite phase were calculated using Hashin’s concentric cylinder 

assembly model [7] and Christensen’s self-consistent model [8] for out-of-plane shear 

modulus. Calculated properties for CF/EP with volume fractions fV =0.6 and fV =0.4 

are presented in Table 2.  

 

Material E1 [GPa] E2 [GPa] 12 [-] G12 [GPa] 23 [-] 1 [1/°C] 2 [1/°C] 

CF 500 30 0.20 20 0.45 -1∙10-6 7.8∙10-6 

EP 3.5 3.5 0.40 1.25 0.40 60∙10-6 60∙10-6 

Table 1. Elastic properties of constituents. CF – carbon fiber, EP – epoxy matrix. 

 

Vf  

[-] 

E1 

[GPa] 

E2 

[GPa] 
12  

[-] 

G12 

[GPa] 
23  

[-] 

G23 

[GPa] 
1  

[1/°C] 

2  

[1/°C] 
0.6 301.4422 11.0389 0.2734 4.0625 0.5432 3.5767 -0.6631∙10-6 35.8513∙10-6 

0.4 202.1433 7.5694 0.3133 2.6136 0.5899 2.3803 -0.2842∙10-6 50.9694∙10-6 

Table 2. Elastic properties of carbon fiber/epoxy composite with volume fractions Vf=0.6 and Vf=0.4. 
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For the elastic properties listed in tables index 1 corresponds to fiber direction, 2 

corresponds to transverse to fiber direction and 3 corresponds to out-of-plane 

direction. The isotropic epoxy matrix (EP) properties are presented in the same 

coordinate system in Table 1.  

 

4.2. Effect of the inter-fiber distance on self-similar debond growth 

 

Calculation results showing the effect of the inter-fiber distance on self-similar 

debond growth ERR are shown in Fig.4. The results correspond to mechanical loading 

with the strain level of 01.0mech . It was found that in mechanical loading the self-

similar debonds grow in pure Mode II, hence notation IIG  in Fig.4. The horizontal 

axis in Fig.4 shows the inter-fiber distance normalized with respect to the fiber radius, 

i.e., frIDIDn / , see Fig.2. In Fig.4 results for volume fractions fV =0.6 and fV =0.4 

are shown. The solid vertical line in Fig.4 indicates the inter-fiber distance that 

corresponds to uniform hexagonal packing for fV =0.6. The dashed vertical line in 

Fig.4 indicates the same for fV =0.4. 

 

 

 

Figure 4. Energy release rate as a function of inter-fiber distance for self-similar debond 

growth. 

 

In general, results in Fig.4 show that for both studied volume fractions the ERR 

slightly increases with the inter-fiber distance IDn . The corresponding analytical 

result for a 3-phase composite obtained using Equation (1) for fV =0.6 and fV =0.4 is 
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equal to 50.45 J/m2 which is higher than the results obtained with a 5-phase composite 

model in Fig.4. 

 

4.3. Effect of the inter-fiber distance on short debond growth 

 

Calculation results showing the effect of the inter-fiber distance on short debond 

growth ERR are shown in Fig.5. The results only for volume fraction fV =0.6 are 

presented.  The results correspond to mechanical loading with the strain level of 

01.0mech . The solid vertical line in Fig.5 indicates the inter-fiber distance that 

corresponds to uniform hexagonal packing for fV =0.6.  Unlike for self-similar 

debonds which propagate in pure Mode II, for short debonds it was found that in some 

cases Mode I contribution is significant. The results in Fig.5 show the total ERR, 

denoted as G , containing both Mode I and Mode II components. ERR is plotted 

against the normalized inter-fiber distance frIDIDn / . Curves corresponding to 

different normalized debond lengths fddn rll /  are presented. The results in Fig.5 

show that when the debond length is very small, for example, 1dnl , the ERR 

significantly increases with the inter-fiber distance IDn . It was also found that for 

very small debond lengths the contribution of Mode I is larger than for longer debond 

lengths. 

 

 

Figure 5. Energy release rate as a function of inter-fiber distance for short debonds. 

 

It was found that for debond lengths 504  dnl  the ERR decreases slightly with the 

increase of the inter-fiber distance IDn  (see Fig.5). However, when debond length 
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50dnl , the ERR was found to increase slightly with the inter-fiber distance IDn , 

which is well consistent with the trends found for self-similar debond growth (see 

Fig.4) 

 

Another way to analyze results for short debonds is to plot the magnification of ERR 

as a function of debond length dnl  at fixed inter-fiber distance IDn . Such plots are 

presented in Fig.6. The results plotted in Fig.6 consistently show larger magnification 

of ERR when the inter-fiber distance IDn  is larger. 

 

 

 

Figure 6. Energy release rate as a function of normalized debond length. 

 

 

5. Conclusions 

 

The effect of neighboring fibers on the energy release rate (ERR) for debond growth 

in unidirectional carbon fiber/epoxy composites was analyzed. 5-phase concentric 

cylinder FEM model was used for calculations. The model consists of a broken fiber 

embedded in matrix and surrounded by a cylinder of fiber material representing the 

neighboring fibers with variable distance to the broken fiber. It is followed by a 

matrix cylinder with outer radius ensuring that the fiber content in the unit is the same 

as for composite in average. This unit is embedded in the effective composite 

cylinder. Only mechanical tensile loading was considered. Different FEM models 

were used for self-similar and for short debond growth analysis. It was found for self-

similar debond growth that the ERR slightly increases with the inter-fiber distance 
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and propagation is purely in Mode II. For short debonds, on the other hand, it was 

found that Mode I contribution to ERR can be significant, especially when debonds 

are very small. It was found that the ERR can either increase or decrease with the 

inter-fiber distance depending on the debond length. For shorter debonds it was found 

that ERR significantly increases with the inter-fiber distance. When the normalized 

debond length dnl  is in the range of 504  dnl  the ERR slightly decreases with the 

inter-fiber distance. Finally, it was found that when the debond length 50dnl  the 

ERR slightly increases with the inter-fiber distance resembling the trend found for 

self-similar debond growth. 
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Abstract 

Steady-state energy release rate (ERR) for fiber/matrix interface debond growth 

originated from fiber break in unidirectional composite is calculated using 3-D FEM 

models with hexagonal fiber arrangement. In the model the debonded fiber is central 

in the hexagonal unit which is surrounded by effective composite. The effect of 

neighboring fibers focusing on  local fiber clustering on the ERR is analyzed by 

varying the distance between fibers in the unit. The steady-state ERR is calculated 

from potential energy difference between a unit in the bonded region far away from 

the debond front and a unit in the debonded region far behind the debond front. The 

ERR for different modes of crack propagation is obtained from a FEM model 

containing a long debond by analyzing the stress at the debond front.  

Results show that in mechanical axial tensile loading fracture Mode II is dominating, 

it has strong angular dependence (effect of closest fibers) but the average ERR is not 

sensitive to the local fiber clustering. In thermal loading the Mode III is dominating 

and the average ERR is highly dependent on the distance to neighboring fibers. 

However, for realistic loads the thermal ERR is much smaller than the mechanical. 

Keywords: A. UD composite, B. Debonding, C. Energy release rate, C. Finite 

element analysis  
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1. Introduction 

When unidirectional (UD) composites are loaded with high tensile load in fiber 

direction, multiple fiber breaks occur due to statistical distribution of fiber strength. 

Once the fiber breaks form, yielding of matrix or fiber/matrix debonding can be 

expected near the fiber breaks as a result of large shear stresses in the interface region. 

In the present paper we are focusing on fiber/matrix debonding (interface cracks) 

initiated at the fiber break and growing along the fiber in the subsequent quasi-static 

or cyclic loading, which may be the case for relatively weak fiber/matrix interfaces. 

Growth of multiple interface debonds cause progressive degradation of the composite 

properties eventually leading to the final catastrophic failure of the composite. Hence, 

investigation of parameters affecting the debond growth is important and in the 

present paper it is performed using fracture mechanics: considering the debond as an 

interface crack. Whereas numerous papers deal with debonds in single fiber 

composites [1-4], the debond growth in UD polymeric composites has been 

previously analyzed in few papers [5-7] using fracture mechanics concept of potential 

energy release rate (ERR). In polymeric composites, due to larger Poisson’s ratio and 

larger coefficient of thermal expansion of the matrix, the debond growth was shown 

to propagate purely in Mode II [4-7] when subjected to tensile loading and negative 

temperature changes. It was shown in [4-7] with analytical and numerical models that 

for short debonds, due to interaction with the fiber break stress-state, the ERR is 

magnified. As the debond crack propagates and the debond crack front advances far 

away from the fiber break, the debond growth becomes self-similar (steady-state 

growth) [4,6]. For such case (long debonds) exact analytical models for ERR 

calculation were developed in [5,7]. 

However, all the studies mentioned above used fiber distribution models with axial 

symmetry. For example, in [5-7] a cylindrical unit cell was used consisting of a 

broken and partially debonded fiber which is surrounded by a matrix cylinder. The 

effect of the surrounding heterogeneous composite in [5-7] was represented by an 

effective composite cylinder surrounding the concentric cylinder fiber/matrix unit 

cell.  

Calculation results in [7] showed that the presence of the effective composite phase in 

the model is important: ignoring it leads to significantly over-estimated ERR [8]. 
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Despite the fact that analytical solution for steady-state debond growth in 

axisymmetric case is exact, these studies [5-7] have analyzed an idealized geometry 

with a “smeared out” effect of neighboring fibers. These models: a) cannot describe 

the effect of closest fibers on the ERR; b) cannot be used to analyze the effect of local 

fiber clustering (locally higher fiber volume fraction). 

Authors are aware only about four papers [9-12] addressing the problem of the 

“heterogeneous neighborhood”. In [9] the adjacent fibers in the hexagonal array were 

replaced by a ring consisting of fiber material and the obtained axisymmetric problem 

was solved analytically to find stress concentrations in the neighboring fibers. In [12] 

a similar model with fiber ring representing the closest fibers and broken central fiber 

was solved numerically with an aim to analyze stress concentrations in closest fibers. 

A model with local hexagonal fiber with central broken fiber (zero debonding) 

embedded in an effective homogenized composites was used in [11]. The local fiber 

content was varied to find the effect of local clustering on axial stress concentration in 

the closest fiber. 

The effect of local fiber clustering (explicit effect of the closest fibers) was first 

investigated in [10] using axisymmetric model with five concentric cylinders: the 

partially debonded fiber was surrounded by matrix, which was surrounded by a fiber 

cylinder (representing the neighboring fibers) and matrix cylinder. This entire unit 

was embedded in the effective composite. The local fiber content was varied changing 

the distance between the debonded fiber and the fiber cylinder, showing very small 

effect on ERR in mechanical loading (the ERR decreased for the lowest inter-fiber 

distance by 0.1% comparing to the uniform fiber distribution case and the global fiber 

volume fraction change from 0.4 to 0.6 resulted in an increase of the ERR by 0.02%). 

Using the same 5-cylinder model it was also shown that the local fiber clustering has 

significantly larger effect for short debonds. Unfortunately, conclusions from these 

studies are based on cylindrical model and it is not clear at all if they hold when the 

local microstructure (explicit consideration of the neighboring fibers and the varying 

local volume fraction) is analyzed. The microstructure affects the stress state around 

the broken fiber (the axial symmetry is lost) and hence it can affect the ERR during 

the debond growth. The objective of the present paper is to study the effect of the 

neighboring fibers on the debond growth ERR in UD composites. In the model a unit 

with hexagonal arrangement of fibers with variable inter-fiber distance keeping the 
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average volume fraction constant is embedded in the effective composite. This model 

is used to calculate the ERR due to debond growth along the broken central fiber. The 

steady-state debond growth ERR is calculated using two FEM models. In the first 

model the potential energy change of the system is calculated comparing two units of 

the composite, both far away from the debond crack front (one in the bonded and one 

in the debonded zone). In the second model the ERR at the front of a very long 

debond representing the steady-state is calculated using J-integral and VCCT with the 

aim to gain more detailed understanding regarding the fracture modes: in some cases 

there is a gap in radial and hoop displacements in the debonded zone and angle 

dependent tensile radial and tearing shear stresses in the bonded part. FEM software 

ANSYS [13] with contact elements was used to perform the required 3-D 

calculations. Mechanical tensile loading and negative temperature loading were 

studied in the present paper. The calculation results are compared with results 

obtained from axisymmetric 3 cylinder assembly model [7], where the local fiber 

distribution and its variation (clustering) were not considered. 

 

 2. Modeling ERR due to debond growth 

 2.1 Model for UD composite with hexagonal local fiber array 

We consider a UD composite with a broken and partially debonded fiber in the bulk 

of the composite far away from specimen surface, as shown schematically in Fig.1. 

The length of the composite is fL2 , z  axis denotes the axial (fiber) direction of the 

composite. In the present study we represent the composite shown in Fig.1a with a 

simplified cylindrical shape model with length fL (assuming symmetry with respect 

to the fiber break plane) and with hexagonal fiber arrangement as shown in Fig.1b. 

The broken and partially debonded fiber is located at the center of the model, the 

neighboring fibers are situated in a hexagonal pattern surrounding the broken central 

fiber. The geometrical parameters are shown in detail in a cross-section of the model 

in Fig.2. In Fig.2, r  and   are the radial and angular coordinates respectively. The 

central and neighboring fibers are embedded in a matrix phase with the outer radius 

mr . The fiber volume fraction fV  in this region is equal to the fiber content in the 
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effective composite which is surrounding the unit with seven fibers.  The effective 

(homogenized) composite phase with volume fraction fV  has the outer radius cr . 

The objective of the present paper is to study the effect of the clustering of the 

neighboring fibers on steady-state debond growth ERR, hence cases with different 

inter-fiber distance values, fa , are studied without changing the radius of the 

fiber/matrix unit mr . For each inter-fiber distance fa  we can define a local fiber 

volume fraction loc
fV , which represents the volume fraction of fibers inside the 

hexagon joining the centers of the surrounding fibers, see Fig.2. In the present paper 

we will use local volume fraction loc
fV  as a measure of the local fiber distribution, 

meaning that a lower local volume fraction represents larger inter-fiber distance fa  

and vice versa: 
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Due to periodicity of the model shown in Fig.1b and Fig.2, a unit cell corresponding 

to  30  can be divided. A 3-D schematic representation of the  30 unit cell is 

shown in Fig.1c. In Fig.1c and further in the text dl  denotes the debond length 

measured from the fiber break plane. 

 

 

Fig. 1. a) UD composite with a broken and partially debonded fiber; b) Hexagonal distribution model; 

c) unit cell  =30° 
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Fig.2. Cross-section of the hexagonal model and division of unit cell  =30° 

 

Consideration of a  30 unit cell is particularly useful for Finite Element (FEM) 

modeling employed in the present study by significantly reducing the volume of the 

model and thus saving calculation time.   

2.2. ERR during steady-state debond growth 

We will analyze  a case, when the front of the fiber/matrix debond crack is far away 

from the fiber break, where it was initiated, and when it is also far from another 

debond, which may be approaching from the other end of the fiber. In such case the 

debond crack propagation can be considered as steady-state. It means that the crack 

front moves along the fiber without changing its shape. However, it does not mean 

that the crack front’s shape is circular. More probable for hexagonal array is that the 

debond length depends on the angular coordinate, )(dd ll  . In models with axial 

symmetry the debond length does not depend on the angular coordinate and the crack 

front is circular. Generally speaking, the shape of the crack front is not known a 

priori, it can be obtained only in result of complex calculations.  

In terms of Fig.1c the geometrical condition for steady-state growth can be written 

mathematically as 
fd rl (min)

 and 
(max)df lL  . Here (min)dl , (max)dl  are the smallest 
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and the largest debond length values respectively measured from the fiber break 

plane.  When the debond propagates by ddl  

a) The debond crack front (and the corresponding singular stress state in its 

vicinity) shifts in the z-direction by 
ddl  without changing its unknown shape;  

b) The complex stress state in the region close to the fiber break does not change; 

c) The perfectly bonded region volume far ahead from the debond front reduces 

by dc dlr 2 ;  

d) The debonded region volume far behind the crack front increases by the same 

amount.  

The bonded and debonded regions of length ddl  are shown in Fig.3a and 3b 

respectively. 

The advantage of the calculation method for steady-state debond growth ERR 

presented below is that we do not need to know the shape of the crack front and the 

stress state there. The disadvatage of the method is that we can calculate only the total 

ERR without any possibility for deeper analysis of the different modes of crack 

propagation.  

The ERR, denoted as enG , is calculated according to: 

df

cmf

df

en
dlr

UUU

dlr

U
G

 22





    (2) 

 

Indexes f , m  and c  are used for fiber, matrix and the effective composite 

respectively, U  is the potential energy change due to debond growth by ddl . 

In the steady-state growth case the potential energy of the whole model consists of 

fiber break region, debond front region, bonded part far away from the debond front, 

debonded part far away from the fiber break and far behind the debond front. From 

the above discussion follows that the only change due to debond growth is that a 

region of  length ddl  which had  perfectly bonded fiber is replaced be the region of 

the same size where the fiber is debonded.  
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According to definition  the change of the potential energy in the system is equal to 

the difference between the additional work performed during the crack length increase 

and the change in strain energy 

 SUWU       (3) 

 In our case the change is that at fixed applied force P  the bonded region with length 

ddl  in Fig.3a becomes debonded as shown in Fig.3b. The strain energy is changed and 

an additional work is performed as the result of the additional displacement due to 

compliance reduction of the region.  The SU  is found as the strain energy difference 

in these two states, the additional work uPW  , where P  is the applied force and 

bd uuu 00   is the length change of the considered region in Fig. 3.  

In purely thermal loading the work 0W  therefore the potential energy change 

becomes equal to the change in strain energy SUU  . 

 

 

Fig.3. Representative volume element of bonded region (a) with length ddl , which due to debond 

growth changes to debonded region (b) with length ddl   

 

More details regarding the significance of different modes of crack propagation can 

be obtained performing accurate stress state analysis at the debond front and using J-

integral or virtual crack closure technique (VCCT). However, this type of analysis 

requires knowledge or assumptions regarding the shape of the debond crack front in 

the steady-state. In the present study a simplified approach was used by assuming a 
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circular shape of the debond front and studying the ERR as a function of the angular 

coordinate  . 

Another alternative not considered in the present study is the use of cohesive elements 

with critical ERR as a criterion for crack surface separation which would allow 

determination of the crack front shape. 

3. FEM models 

Two different FEM models were used in the present study for steady-state ERR 

calculation: 1) FEM model to calculate the potential energy difference and 2) FEM 

model with debond front, which in addition to ERR calculation also allows analyzing 

modes of crack propagation. FEM software ANSYS version 14.5 [13] was used in all 

cases. The boundary conditions and the calculation procedure is described in the 

following subsections. 

3.1. FEM model for potential energy difference calculation 

As described in Section 2.2 the steady-state ERR can be calculated without knowing 

the exact shape of the debond front by considering representative volumes from 

bonded and debonded regions far from the crack front. The ERR is calculated from 

potential energy change due to debond growth by ddl , Eqs (2), (3). 3-D FEM models 

of representative bonded and debonded regions are schematically shown in Fig.3a and 

3b, respectively. The representative regions are circular sectors corresponding to 

 30  following the division of a unit cell in Fig.2. In Fig.3 F, M and C denote the 

central fiber, matrix and effective composite phases respectively. In all calculations 

the fiber radius was equal to fr = 4 µm, the length of the FEM models was ddl  = 2 

µm, the outer radius of the effective composite phase (see Fig.2) was mc rr 5 . The 

size of the cr  was found from a parametric study, which showed that mc rr 5  is the 

minimum size that satisfactory represents an infinite effective composite and hence 

does not magnify the ERR values. 

In FEM model of the bonded region (Fig.3a) the interface areas between any two 

neighboring phases are shared. In FEM model of the debonded region (Fig.3b) a 

completely debonded interface was modeled between the central fiber and the matrix 
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phase by generating two coinciding areas one belonging to the fiber and the other to 

the matrix volume. Contact elements with pure Lagrange multiplier on contact normal 

and tangent were generated on the debonded fiber/matrix interface. Such contact 

element type was chosen for the purpose of minimizing the inter-penetration due to 

radial compression on the contact surface. The friction on the interface was neglected. 

All geometrical parameters of the debonded model were exactly the same as for the 

bonded model. 

Purely mechanical and purely thermal loading cases were studied. 

In mechanical loading symmetry conditions were applied on nodes at ddlz   and on 

nodes corresponding to angular coordinates  0 and  30  for both bonded and 

debonded models. A uniform displacement bu0  leading to strain %1z   in z  axis 

direction was applied on the surface of the bonded model corresponding to 0z  as 

shown in Figure 3a. The resulting force P  corresponding to the applied displacement 

bu0  was found in the post-processing. Coupling for displacement in z  axis direction 

was applied on the surface 0z  of all phases in the debonded model except the 

central fiber. Force P  was applied on these coupled surfaces leading to uniform 

displacment du0  as shown in Fig.3b. Since the load is not applied on the debonded 

central fiber (Fig.3b) it will have a different axial displacement than the rest of the 

phases. To ensure independency of the solution on the z  coordinate and hence the 

validity of the steady-state model, the nodes of the central fiber at 0z  were coupled 

for displacement in z  axis direction. The strain energy difference SU  between the 

bonded and the debonded models was calculated using element table command 

(ETABLE) in ANSYS [13]. Displacement difference between bonded and debonded 

models bd uuu 00   was found with simple post-processing. 

In purely thermal loading the symmetry conditions were applied on nodes at ddlz   

and on nodes corresponding to angular coordinates  0 and  30 . All nodes of 

the bonded model (Fig.3a) at 0z  were coupled for displacement in z  axis 

direction. In the debonded model (Fig.3b) the nodes of the central fiber  and the nodes 

of the remaining phases at 0z  were seperately coupled for displacement in z  axis 
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direction. Thermal load was applied as a uniform temperature applied on all nodes of 

the model. 

 

 

3.2. FEM model for ERR analysis at debond front 

For a more detailed analysis of the steady-state debond propagation modes a 3-D 

FEM model with broken, partially debonded fiber and debond front far away from the 

fiber break was generated according to Fig.1c. The model is a circular sector 

corresponding to  30  following the division of a unit cell in Fig.2. Although it 

was discussed previously that due to the considered hexagonal arrangement of 

neighboring fibers the shape of the debond front in the steady-state region is most 

probably a function of the angular coordinate  , for simplicity the shape was 

assumed circular in the present study.  

To conform with conditions of steady-state debond growth (see description in Section 

2.2), the length of the model ff rL 80  and the debond length equal to fd rl 25  was 

used in calculations. These values of fL  and dl  were found from a parametric study 

as the ones where the ERR becomes independent of them. The geometric parameters 

of the cross-section of the model with debond front were identical to those of the 

steady-state models described before in Section 3.1. 

The debonded fiber/matrix interface was modeled by generating coinciding areas with 

contact elements of the same type as described in Section 3.1.  

Symmetry conditions were applied on nodes corresponding to angular coordinates 

 0 and  30 . Symmetry conditions were also applied on nodes of the matrix, 

neighboring fiber and the effective composite at 0z . The area of the central fiber at 

0z  was free of constraints representing the fiber break.  

Purely mechanical and purely thermal loading cases were studied. In addition to the 

boundary conditions described above, the following conditions were applied:  
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In purely mechanical loading a uniform displacement leading to strain %1z  in z  

axis direction was applied on all nodes at fLz  ; 

In purely thermal loading, the nodes at fLz   were coupled for displacement in z  

axis direction and the thermal load was applied as uniform temperature applied on all 

nodes of the model. 

The ERR was calculated using built-in calculation routines in ANSYS 14.5 [13], 

namely, the J-integral and the VCCT. The J-integral routine gives the total ERR while 

the VCCT calculation routine allows calculating the ERR components of Mode I, II 

and III. 

Appropriate mesh refinement was used in the vicinity of the debond front region to 

ensure the accuracy of J-integral and VCCT calculations. 

4. Results and discussion 

In the present study the ERR in carbon fiber/epoxy and glass fiber/epoxy UD 

composites was analyzed. Thermo-elastic properties of constituents are presented in 

Table 1. Carbon fibers, glass fibers and epoxy matrix are denoted as CF, GF and EP 

respectively.  

Table 1. Thermo-elastic properties of constituents 

Material 
LE  TE  LTG  LT  23  L  T  

[GPa] [GPa] [GPa] [-] [-] [1/°C] [1/°C] 

CF 500 30 20.0 0.20 0.45 -1∙10-6 7.8∙10-6 

GF 70 70 29.2 0.20 0.20 4.7∙10-6 4.7∙10-6 

EP 3.5 3.5 1.3 0.40 0.40 60∙10-6 60∙10-6 

 

The high value of the transverse isotropic CF axial modulus was selected to have a 

case with high anisotropy in contrast to GF, which is isotropic. The elastic properties 

of the UD composties with a given volume fraction fV were calculated using Hashin’s 
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concentric cylinder assembly model [14] and Christensen’s self-consistent scheme for 

out-of-plane shear modulus [15]. In the present paper CF/EP composites with volume 

fractions fV =0.6 and fV =0.4 and GF/EP composite with volume fraction fV =0.6 

were analyzed. The calculated thermo-elastic properties of the studied UD composites 

are presented in Table 2.  

Table 2. Thermo-elastic properties of UD composites 

Materia

l 

fV  
LE  TE  LTG  23G  LT  23  L  T  

[-] [GPa] [GPa] [GPa] [GPa] [-] [-] [1/°C] [1/°C] 

CF/EP 0.6 301.4422 11.0389 4.0625 3.5767 0.2734 0.5432 -0.6631∙10-6 35.8513∙10-6 

CF/EP 0.4 202.1433 7.5694 2.6136 2.3803 0.3133 0.5899 -0.2842∙10-6 50.9694∙10-6 

GF/EP 0.6 43.4425 13.7145 4.3140 4.6808 0.2726 0.4650 6.8605∙10-6 32.2140∙10-6 

 

4.1. ERR in mechanical loading 

The ERR values obtained from FEM model  calculating potential energy difference 

(Section 3.1) in a purely mechanical loading equal to z =1%  are presented in Tables 

3 to 5 (data in the first row denoted as enG ). The local volume fraction loc
fV  of fibers 

was varied by changing the inter-fiber distance fa . Composites with 3 different local 

volume fractions were studied loc
fV =0.66, 0.72 and 0.78 corresponding to ff ra 35.0

, fr25.0  and fr15.0  respectively (see Fig.2). 

Results in Tables 3 to 5 show that increasing the local fiber content leads to the 

decrease of the ERR but the effect is negligible. The ERR change is of the same 

magnitude and even smaller than the one calculated in [10] using the 5-cylinder 

model, by this supporting the conclusions of the 5-cylinder model in the mechanical 

loading case. The ERR values for uniform fiber distribution obtained using 3-cylinder 

assembly model [7], also presented in Tables 3, 5 (4th column), are slightly higher 

which is consistent with the above discussed ERR decrease due to clustering. It can be 

noted that for the 3 cylinder model the size of the outer effective composite cylinder 
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was 10 times the radius of the fiber matrix unit. For CF/EP composite the ERR values 

at fV = 0.6 (Table 3) are in average 0.01 % higher than for  fV = 0.4 (Table 4) which 

is a similar trend as found in [10]. However, the main conclusion is that the total ERR 

due to steady-state debond growth is very insensitive to the local variation (increase) 

of the fiber content. 

Analysis of stress distributions in the bonded and debonded steady-state models 

revealed some features that could indicate that several modes of the debond crack 

propagation are active. For example the presence of   - dependent hoop displacement 

gap u  at the debonded interface and relevant shear stresses  r  in the bonded 

model. The radial stresses at the interface in the bonded model, Fig. 4a, are tensile for 

78.0loc
fV  (potential for Mode I) but  the radial stresses in the debonded model, Fig. 

4b, are compressive for the same loc
fV , which kind of forbids Mode I. It has to be 

emphasized that these stress distributions are for regions far away from the debond 

front and, hence, they cannot be used to characterize fracture mode mixity at the 

debond front. 

 

 

 

(a) 
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(b) 

Fig.4. Radial stress r  distribution at the interface for CF/EP 6.0fV  in mechanical loading case 

%1z : a) bonded interface; b) debonded interface 

 

Table 3. Energy release rate values for CF/EP 6.0fV in purely mechanical loading 

%1z  

 

loc
fV  

0.66 0.72 0.78 0.60 (3-cyl) 

enG [J/m2] 50.22728 50.22197 50.21351 50.45131 

J [J/m2] 49.38511 49.35217 49.27961 50.17184 

IG [J/m2] -0.00238 -0.00241 -0.00210 0.01534 

IIG [J/m2] 50.16155 50.21543 50.28309 49.08337 

IIIG [J/m2] 0.00460 0.00585 0.00500 0.000000 
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Table 4. Energy release rate values for CF/EP 4.0fV in purely mechanical loading 

%1z  

 

loc
fV  

0.66 0.72 0.78 

enG [J/m2] 50.22189 50.21631 50.20757 

J [J/m2] 49.54135 49.54620 49.47209 

IG [J/m2] -0.00245 -0.00246 -0.00219 

IIG [J/m2] 50.31723 50.39105 50.47968 

IIIG [J/m2] 0.004496 0.00595 0.00453 

 

To obtain more clarity regarding the possible crack propagation modes in steady-state 

debond growth, calculations at the front of a long debond were performed as 

described in Section 3.2. It is noteworthy that the applied 1% strain to the model 

correspond to slightly lower load than in the steady-state modeling where the load was 

selected to give 1% in the bonded zone and not in average as it is in the model with 

debond front.  Therefore the ERR values are slightly lower using the debond front 

model.  Assuming that the debond front is circular (  fld  ) the J  -integral was 

calculated and the VCCT was used to determine IG (Mode I), IIG (Mode II) and IIIG  

(Mode III). The calculated values strongly depend on the angular coordinate   as 

shown in Fig.5 for CF/EP with 6.0fV . The variation is large and the amplitude 

increases with increasing local fiber content loc
fV . If one would use the critical values 

of the J  -integral as a propagation criterion the consequences are obvious: the debond 

propagation at 𝜃 = 0 would start before the propagation starts at other angles. This 

leads to conclusion that the debond front in steady-state growth will not be circular. 

Therefore, all conclusions below obtained solving the case with circular debond front 

should be considered as indicative only. 
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The average of the J  -integral over   was calculated and the average values are 

presented in Tables 3 to 5 (data in row 2). The J  -integral was calculated also for the 

3-cylinder model where it is independent on the angle. The J  -integral values are 

slightly lower than the enG  but the difference is small. Since the value of the J  -

integral has to depend on the selected profile of the crack front and since the used 

circular shape is not the right one for the steady-state case, we can conclude that the 

shape of the crack front has a relatively small effect on the total ERR. The values of 

the J  -integral in Tables 3 to 5 have exactly the same trends with respect to the local 

fiber content change as the enG  but the magnitude of the change is slightly larger. 

 

 

 

Fig.5. J-integral values for CF/EP 6.0fV  in purely mechanical loading %1z  obtained using 

the debond front model 
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Table 5. Energy release rate values for GF/EP 6.0fV in purely mechanical loading 

%1z  

 

loc
fV  

0.66 0.72 0.78 0.60 (3-cyl) 

enG [J/m2] 6.96651 6.95730 6.94100 7.00873 

J [J/m2] 6.86011 6.84045 6.80875 6.96138 

IG [J/m2] -0.00065 -0.00066 -0.00065 0.00096 

IIG [J/m2] 6.94240 6.93421 6.91895 6.80645 

IIIG [J/m2] 0.00009 0.00006 0.00001 0.00000 

 

The magnitude of the angular variation of the J  -integral is shown in Fig. 6 where the 

ratio between values at  0  ( 0J ) and at  30  ( 30J ) is presented as a function of 

loc
fV  for different materials and global fiber contents. The result is remarkable: the 

global fiber content and/or the fiber material has no effect on this ratio. One possible 

consequence of this result may be that the shape of the debond front in steady-state is 

insensitive to these parameters. On the other hand the local increase of the fiber 

content increases the considered ratio of  J  -integral values and the debond front is 

expected to deviate more from the circular shape. 

Similar averaging as with the J - integral was performed also with IG , IIG  and IIIG  

(obtained with VCCT). The results are presented in Tables 3 to 5 (data in rows 3 to 5). 

One may notice two anomalies important for the estimation of the accuracy of these 

results:  

a)  the axisymmetric 3-cylinder model gives nonzero IG  even if it is absolutely 

clear that  due to compressive radial stresses in the debonded zone the Mode II 

is the only mode in this model. Nevertheless, combination of negative radial 
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displacement gap due to small interpenetration with compressive radial stress 

lead to values 0.01534 J/m2 (Table 3 for CF/EP) and  0.00096 J/m2 (Table 5 

for GF/EP) for a simple axisymmetric case using contact elements. These 

values indicate the error we have to expect in using the same elements in the 

more complex hexagonal model The IG  in the hexagonal model is even 

negative (values around 0.002) which, of course, is impossible and is an 

artifact of using contact elements. We conclude that Mode I  ERR is zero in 

the considered mechanical loading cases 

b) Calculations show that there is Mode III ERR. The value is very small, in the 

order of magnitude  of  0.005 J/m2 for CF/EP. This value is several times 

lower than the accuracy of Mode I ERR determination discussed above. 

Therefore, it could be considered as a calculation error or just as being 

negligible comparing with IIG .  

However, the angular displacement gaps and the shear stresses found in the steady-

state model force us to accept that the Mode III, even being small, is real. 

A simple estimate of the three fracture modes can be obtained using stresses and 

displacement gaps calculated using the steady-state models (Fig.3). The work to close 

the gaps for different displacement components is calculated to bring the debonded 

element to its bonded state. Hence, the displacement gaps are from the debonded 

model and the interface stresses and the axial stress in the fiber from the bonded 

model. Dividing the work by the new crack area  dfd dlrA
6


  we obtain expressions 

(indexes 𝑏 and 𝑑 denote the bonded and debonded model respectively and ∆𝑢 is used 

for displacement gap) 
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Using equations (4), (6) we calculate 0IG  and IIIG = 0.0013 J/m2 for CF/EP with 

6.0fV   and 78.0loc
fV , which is of the same order of magnitude as the value from 

the debond front solution (Table 3). Nevertheless in any crack growth criterion only 

IIG  because of its magnitude will be important. 

4.2. ERR in thermal loading. 

For the ERR results corresponding to the purely thermal loading case with 

CT  100 presented in Table 6, the same notation as in mechanical loading case 

(Table 3 to 5) is used.  

 

Table 6. Energy release rate for thermal loading case CT  100 , CF/EP with 

6.0fV  

 

loc
fV  

0.66 0.72 0.78 0.60 (3-cyl) 
0.60 (3-cyl), 

CT  100  

enG [J/m2] 0.00409 0.00702 0.01358 0.00077 0.02052 

J [J/m2] 0.00387 0.00678 0.01342 0.00081 0.02052 

IG [J/m2] 0.00005 0.00006 0.00106 0.00002 0.01786 

IIG [J/m2] 0.00097 0.00106 0.00110 0.00077 0.00260 

IIIG [J/m2] 0.00304 0.00586 0.01137 0.00000 0.00000 

 

In addition to results for hexagonal fiber packing ( enG  obtained from the potential 

energy difference in the steady-state models and IIIIII GGGJ ,,,  from the debond 

front stress state models) the results from axisymmetric 3 cylinder assembly model [7] 

for composites with the same fV  are also presented in Table 6 (4th and 5th column). 

The results in the last column are for the nonrealistic case of CT  100 , when the 
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debond is fully open and the IG  is dominating and responsible for the much larger 

ERR than in the negative temperature change case. For negative temperature change 

IG  does not exist and IIIG  is zero in models with axial symmetry. The nonzero value 

for IG  in Table 6  for CT  100   can be used to estimate the accuracy obtained 

using contact elements. 

Generally speaking, the values of the ERR in the thermal case are much smaller than 

in the mechanical loading at %1z  strain, see Tables 3 to 5, and, hence, the thermal 

part in the ERR in many practical cases could be neglected. Nevertheless, an in-depth 

analysis of purely thermal case was performed to understand the underlying 

mechanics. 

The ERR values obtained from the potential energy change and from the J  -integral 

are in a very good agreement. The J  -integral  values in Table 6 are the average of the 

𝜃 −distribution shown in Fig. 7. The shape of the dependence is very different than in 

the mechanical loading case, but the increase of the local fiber content has a similar 

magnifying effect on the ERR. The most favorable debond propagation direction in 

thermal case is at approximately 14 . 

 

 

Fig.6. Ratio between maximal and minimal J-integral values in purely mechanical loading %1z  

obtained using the debond front model 
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Fig.7. J-integral values for CF/EP 6.0fV  in thermal loading CT  100  obtained using 

debond front stress state model 

 

Models with hexagonal symmetry show all three modes of debond propagation. In the 

case with the highest local fiber content 78.0loc
fV , see Fig. 8a, the radial stresses in 

part of the interface in the bonded model (Fig.3a) are tensile and in approximately the 

same region of the debonded model (Fig.3b) the debond is partially open, (zero radial 

stress on interface) see Fig.8b. The size of the contact zone depends on the local fiber 

volume fraction and, for example, for 66.0loc
fV  the debond is closed. Still, the 

values of IG  obtained from the debond front calculations are much lower than from 

other modes. Using expression (4) for 78.0loc
fV  we obtain IG =0.00090 J/m2 which 

is of the same order of magnitude and confirms the result from the debond front 

solution (Table 6). 
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(a) 

 

(b) 

Fig.8.  Radial stress distribution at the interface for CF/EP 6.0fV  in thermal loading 

CT  100 : a) bonded interface; b) debonded interface 

 

The Mode II and Mode III ERR dependence on angle are shown in Fig. 9. According 

to the debond front analysis IIIG  is the largest and it dominates the J - integral (total 

ERR) behavior in Fig. 7.  
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(a) 

 

(b) 

Fig.9. Energy release rate values for CF/EP 6.0fV  in purely thermal loading CT  100  

obtained using debond front stress-state model: a) Mode II, b) Mode III 
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(a) 

 

(b) 

Fig.10. Shear stress  r  and the hoop displacement gap u  distribution at the interface for CF/EP 

6.0fV
 in thermal loading CT  100 : a) bonded interface; b) debonded interface 

 

The shear stress b
r  distribution at the fiber surface in the bonded model (Fig.3a) and 

the gap in hoop displacements du  in the debonded model (Fig.3b) are shown in Fig. 
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10. For 78.0loc
fV  calculations using expressions (5) and (6) give IIG = 0.00091 

J/m2, IIIG = 0.012  J/m2 which are rather close to the corresponding values from the 

debond front analysis given in Table 6. 

In a real situation the loading contains both, the thermal and the mechanical 

component. The analysis performed in this paper proves that superposition of thermal 

and mechanical stresses obtained from two corresponding solutions cannot be used to 

calculate the thermo-mechanical ERR in an arbitrary combination of applied stress 

and temperature. The main reason is that the thermal and the mechanical solutions are 

obtained from two different boundary-value problems: in the mechanical case the 

debonded interface is closed or opened in a small region only whereas in the thermal 

loading case the opening zone is different. Obviously, in a general thermo-mechanical 

loading case the existence of opened zone depends on the ratio of these two loading 

components. 

5. Conclusions 

Energy release rate (ERR) due to steady-state propagation of a debond along the 

fiber/matrix interface in a unidirectional composite is analyzed assuming hexagonal 

fiber packing. The broken and partially debonded fiber is a central fiber in a 

hexagonal unit with locally larger fiber content than in average. This hexagonal unit is 

surrounded by large volume of effective composite and the model is subjected to 

mechanical and thermal loadings.  

The importance of the explicit inclusion of the neighboring fibers in the model and the 

effect of the local fiber clustering on the ERR is investigated using 3-D FEM models 

with contact elements. Two types of solutions are obtained: a) steady-state solution, in 

which the ERR is calculated from the potential energy difference between a bonded 

and debonded unit far from the debond front; b) local stress state at the front of a long 

debond with circular front is used to find the total ERR as well as its three 

components. 

The results show that at high local fiber content the debond crack may be a) partially 

opened; b) local hoop displacement gap exists and that the contact/opening zones as 

well as the ERR has an angular distribution, which is very different in mechanical and 
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in thermal loading. However, in mechanical loading the average value of the ERR rate 

is very similar as in models assuming axial symmetry. 

This means that the boundary conditions at interfaces are different in thermal and 

mechanical loading and, therefore, linear superposition of thermal and mechanical 

stress states to calculate the ERR in combined loading is not possible. 

However, for realistic loadings the thermal ERR according to the hexagonal model is 

much smaller than the mechanical and may be neglected when solving practical 

problems. 
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Abstract 

Energy release rate (ERR) for fiber/matrix debonding in composite with local fiber 

clustering, subjected to axial tension, has been investigated numerically by a 3-D  

finite element (FE) model. In the model, broken fiber is central in a hexagonal unit 

which is embedded in an effective composite. Fiber/matrix debond with circular front 

is assumed to be originated from the fiber break. The effect of the local fiber 

clustering on ERR is studied by varying distance between the broken fiber and the 

neighboring fibers. For very short debonds as well as for long debonds (almost 

steady-state growth) the ERR was calculated by both the J integral and the Virtual 

crack closure technique (VCCT). Results show that the debond growth is Mode II 

dominated and that the ERR strongly depends on the angular coordinate. The local 

fiber clustering has larger effect on the angular variation for shorter debonds and the 

effect increases with larger local fiber volume fraction. The results obtained from the 

3-D hexagonal model are compared with those obtained previously using 5-cylinder 

axisymmetric model developed by the same authors. The ERR values from 5-cylinder 

axisymmetric model could be considered as upper bound for the 3-D hexagonal 

model. 

Keywords: A. Polymer-matrix composites (PMCs), B. Debonding, C. Finite element 

analysis (FEA) 
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1. Introduction 

Tensile failure of unidirectional (UD) composites has been widely investigated [1-8] 

due to their broad applications in load bearing composite structures. When UD 

composites are loaded in fiber direction in quasi-static or cyclic tension-tension 

loading and the tensile load is sufficiently high, multiple fiber breaks occur first due to 

statistical distribution of fiber strength. Once the fiber breaks form, yielding of matrix 

[9] or fiber/matrix debonding [10] can be expected near the fiber breaks as a result of 

large stress concentrations. For the case of a relatively weak fiber/matrix interface, 

fiber/matrix debonding (interface cracks) would initiate at the fiber break and grow 

along the fiber, which leads to progressive degradation of composite properties [3, 10, 

11]. Matrix cracking leads to coalescence of isolated fiber breaks with debonds to 

form a critical fracture plane which propagates unstably as a crack to cause the final 

catastrophic failure of the composite. Hence, it is of importance to quantify debond 

crack growth rate in quasi-static or in cyclic loading. Single fiber composite due to its 

relative simplicity of conducting experiment and modeling [12-18] has been proven 

useful in understanding the fiber/matrix interface debonding mechanism and for 

interface characterization. However, when composites are analyzed the negligence of 

surrounding constituents might affect the accuracy of the calculated potential energy 

release rate (ERR). Generalizing the single fiber composite model to UD composite 

case, a three cylindrical phase composite model was suggested in [6, 7, 19] where the 

fiber/matrix unit with the broken and partially debonded fiber was embedded in 

effective composite phase. Results in [19] showed that the presence of the effective 

composite phase in the model is important: ignoring it by using models with a unit 

cell consisting of fiber and matrix only leads to significantly over-estimated ERR.  

Despite the efficiency of axisymmetric numerical calculations for short debonds and 

the availability of analytical steady state solution [19], the three phase composite 

models analyze an idealized geometry without explicitly taking into account the 

neighboring fiber especially the possible non-uniformity of the local fiber 

arrangement which is present in most of the real cases. It can be expected that the 

local microstructure affects the stress state around the broken and partially debonded 

fiber and hence it can affect the ERR during debond growth. Several research efforts 

[20-26] have been made in order to account for the fiber non-uniformity on fiber 
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breakage process (stress magnification in the neighboring fiber), however, the effect 

of local fiber non-uniformity on debond growth is yet to be well understood. One of 

the first studies on the effect of local fiber clustering (explicit effect of the closest 

fibers) on debonding [27] was conducted using axisymmetric model with five 

concentric cylinders: the partially debonded fiber was surrounded by matrix, which 

was surrounded by a fiber cylinder (representing the six neighboring fibers) followed 

by a matrix cylinder. This entire unit was embedded in the effective composite 

cylinder. The local fiber content was varied changing the distance between the 

debonded fiber and the fiber cylinder. For relatively long debond (nearly steady-state 

growth), it shows a very small effect of the clustering on the ERR in mechanical 

loading (the ERR decreased for the lowest inter-fiber distance by 0.1% comparing to 

the uniform fiber distribution case whereas the global fiber volume fraction change 

from 0.4 to 0.6 resulted in an increase of the ERR by 0.02%). Using the same 5-

cylinder model it was also shown  in [27] that the local fiber clustering has 

significantly larger effect on ERR for short debonds. Unfortunately, conclusions from 

these studies are based on cylindrical model and it is not clear at all if they hold when 

the local microstructure (explicit consideration of the neighboring fibers and the 

varying local volume fraction) is analyzed. Recently a 3-D model [28] with hexagonal 

arrangement of fibers has been developed in order to investigate the fiber clustering 

effect on ERR of steady-state debond growth. Similar hexagonal arrangement models 

have been successfully used by several researchers [21, 25] in order to investigate the 

stress magnifications in neighboring fibers caused by fiber breakage with or without 

fiber/matrix interfacial debonding.  

In the current study, the ERR is calculated using 3-D FEM model with a hexagonal 

array of fiber cluster embedded in the homogenized effective composite. The ERR is 

calculated using J-integral and the Virtual Crack Closure Technique (VCCT) 

originally proposed by Rice[29] and Rybicki [30], respectively. The results from [28] 

for steady-state debond growth in the same model show that fiber clustering has 

significant effects on angular variation of ERR, however, the average ERR is not 

sensitive to fiber clustering, which is similar to conclusions obtained in [20] from 

axisymmetric model. For steady state conditions, the debond length is very long and 

the interaction between debond tip and fiber break is negligible. The present paper is a 
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continuation of the studies in [28] focusing on cases when the debond length is 

relatively short and the interaction with fiber crack cannot be ignored. For short 

debonds, the interaction between fiber break and debond front is not negligible and an 

analytical solution is impossible to obtain. Therefore FE software ANSYS [31]  was 

used to perform the FE calculations in the present paper.  

2. Debond in UD composite: Material model 

A UD composite with an isolated fiber break and an interface debond with a circular 

debond front (the debond length does not depend on the angular coordinate) close to 

the fiber break is investigated in the current study. Fibers within the UD composite are 

assumed to have hexagonal packing, as shown schematically in Fig.1. The length of 

the composite model is 2Lf, and Lf could also be viewed as the half-distance to next 

fiber break which is assumed to be large enough for stress perturbations not to 

overlap. As a result, the interaction between two fiber breaks is not significant and 

therefore it is not analyzed in this paper. z  axis denotes the axial (fiber) direction of 

the composite. In the present study the UD composite shown in Fig.1a is represented 

by a cylindrical shape model with length Lf (assuming symmetry) as shown in Fig.1b.  

The broken and partially debonded fiber is located at the center of the model, the 

neighboring fibers are situated in a hexagonal pattern surrounding the broken central 

fiber. The geometrical parameters are shown in detail in a cross-section of the model 

in Fig.2. In Fig.2, r and θ are the radial and angular coordinates, respectively. The 

central and neighboring fibers are surrounded by matrix with the outer radius of the 

matrix phase rm defining the global volume fraction of the fibers Vf . The fiber and the 

matrix unit is surrounded by the effective (homogenized) composite phase with 

volume fraction Vf . The outer radius of the effective composite is denoted as rc. In 

order to study the effect of the neighboring fibers on debond growth ERR, the inter-

fiber distance value af is considered as variable while the radius of the fiber/matrix 

unit rm is fixed. For each inter-fiber distance we can define a local fiber volume 

fraction loc
fV which represents the fraction of fibers inside the hexagon joining the 

centers of the surrounding fibers, see Fig.2. In the present paper we will use the local 

volume fraction loc
fV  as a measure of the local fiber distribution as displayed in Eqn 

(1). A lower local volume fraction represents larger inter fiber distance af and vice 
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versa. Due to periodicity, only one twelfth of the composite is modeled, as shown in 

Fig.1c. In Fig.1c and further in the text dl  denotes the debond length measured from 

the fiber break and  𝑙𝑑 ≠ 𝑙𝑑(𝜃).  

 

 

Fig.1. a) UD composite with a broken and partially debonded fiber; b) Hexagonal arrangement model; 

c) One twelfth of model,  =0°-30° 

 

 

 

 

Fig.2. Cross-section of the hexagonal model and extraction of the unit cell. 
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3. FE model and boundary conditions 

In order to study the debond growth from fiber break a 3-D FE model with  hexagonal 

fiber arrangement representing the material geometry described in Fig.1(c) was 

created. In the FE model, the fiber radius rf =4µm, the inter-fiber distance af  and the 

debond length ld are variables in order to study the effect on ERR of the debond 

growth. rm is chosen to ensure fiber volume fraction is 0.6 within fiber/matrix unit, the 

local fiber volume fraction loc
fV  is varying with changing af . The length of the 

composite model Lf =80 rf and the radius rc=5 rm were chosen based on a previous 

parametric study conducted as a part of investigation in [28] as a region where the 

ERR becomes independent of these parameters. 

In the present study, ERR is investigated as driving force for debond growth and it is 

calculated by both, the J integral and the VCCT methods through ANSYS built-in 

routines [31] . 8 node 3-D solid elements were adopted here and appropriate mesh 

refinement was used in the vicinity of the debond front region to ensure the accuracy 

of J-integral and VCCT calculations. Previous study has shown that thermal loading 

effect on ERR in composite (in contrast to the situation in a single fiber specimen) is 

negligible compared to that of mechanical loading [28]. As a result, only mechanical 

loading is considered in the present paper. In the FE model (see Fig.1c), nodes at r=0 

and θ =0° are fixed. Nodes on θ=0 °and θ=30° planes are fixed in θ direction. At z=0 

plane, symmetric boundary condition is applied except for fiber break surface which 

is traction free. At far end z=Lf plane, uniform displacement which equals to 1% of 

average tensile strain εz along z direction is applied to all nodes belonging to that 

plane. 3-D 8-node contact elements with pure Lagrange multiplier on normal and 

tangential contact were generated on the debonded fiber/matrix interface in order to 

minimize the inter-penetration due to radial compression on the contact surface, 

which was proved to be efficient in the previous study [28].  

4. Results and discussion 

In the present study carbon fiber/epoxy (CF/EP) composite with global fiber volume 

fraction Vf =0.6 was analyzed. Limited investigation of Glass fiber/epoxy (GF/EP) 

composite with fiber volume fraction Vf =0.6 was also performed in order to 

demonstrate that the trends are similar as in CF/EP composite.  Elastic properties of 
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phases in the model in Fig. 1 and Fig. 2 are presented in Table 1. The effective elastic 

constants of the homogenized composite were calculated using the Hashin’s 

Concentric Cylinder Assembly model [32] and the self-consistent scheme suggested 

by Christensen [33]  (for the out-of-plane shear modulus). All the following 

discussions are based on the pure mechanical loading which equals to εz =1%.  

Table 1. Elastic properties of constituents 

Material E1(GPa) E2(GPa) υ12 G12(GPa) υ23 

CF 500 30 0.2 20 0.45 

GF 70 70 0.2 29.2 0.20 

EP 3.5 3.5 0.4 1.25 0.4 

CF/EP 301.44 11.039 0.273 4.063 0.543 

GF/EP 43.443 13.715 0.273 4.314 0.465 

Note: CF-Carbon fiber , GF-Glass fiber, EP-epoxy resin, Vf =0.6 for both composites. 

 

4.1 Carbon fiber/epoxy composites 

We start with the case of carbon fiber/epoxy composites. Table 2 gives an example of 

the obtained ERR values using both, the J-intergral and the VCCT methods for two 

extreme local clustering cases with debond length  ld=25rf.  It was found that the 

debond remains closed for all the cases studied, which means Mode I ERR GI=0 all 

the time. The obtained very small negative GI value is an artificial effect of the 

numerical procedure related to approximate nature of the achieved contact: small 

oscillations of the relative radial displacement. For long debonds, see [28], the 

formally calculated small GI value can be even positive. It should be noted that such 

findings in the contact analysis have been well documented in literature, for example, 

in [34]. Therefore the GI value in Table 2 can be considered as an indicator of the 

accuracy achievable with the used mesh. The same reasoning goes for the obtained 

GIII value at θ=0° and θ=30° in Table 2 which should be zero due to symmetry. 

Meanwhile, for other angles, mode III ERR GIII is found to be less than 0.01% of the 

mode II ERR GII. From Table 2 it is also seen that the ERR obtained from J-integral 

method is slightly lower than GII obtained by VCCT. In contrary, in work on debond 

growth based on 3-cylinder FE model [6], Pupurs el al found that using the 3-cylinder 
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axisymmetric model the J-integral values are slightly higher than GII . Since there are 

no systematic trends we cannot conclude which method is better. We choose to use J-

integral value in the following discussion as it is less sensitive to mesh refinement 

compared to those obtained through VCCT method. 

The ERR calculated by J-integral along the front of debonds of different length in 

three local fiber volume fraction cases under pure mechanical loading are displayed in 

Fig.3 (a)-(c). Fig 10 in [18] shows that the fiber break (crack) in reality is not a 

geometrical plane, there is a small damage zone which is about the size of fiber 

radius. Meanwhile, matrix plasticity is also expected around the damage zone due to 

large stress concentration. As a result, in order to ensure numerical accuracy and the 

adequacy of the model, the ERR should be calculated for the debond length larger 

than the damage zone. In the present study, the shortest debond length investigated is  

ld=2rf .  

Table 2. The highest and the lowest ERR values at the circular debond front for  ld 

=25rf , CF/EP 

 loc
fV =0.68 loc

fV =0.78 

θ (°) J (J/m2) GI (J/m2) GII (J/m2) GIII (J/m2) J (J/m2) GI (J/m2) GII (J/m2) GIII (J/m2) 

0 53.0957 -0.0033 54.1728 0.0000 62.5439 -0.0026 64.2726  0.0000 

30 45.6617 -0.0028 46.3251 0.0000 38.2090 -0.0027 38.7811 0.0002 

 

Fig.3 (a)-(c) show that ERR is not constant along the debond front, which indicates 

that the debond front might not be circular during propagation as it was assumed: the 

debond would grow sooner in the directions with the highest ERR. For each debond 

length, maximum ERR occurs at θ=0° where the distance between the debond front 

and the neighboring fiber surface is the smallest. ERR decreases with increasing angle 

until θ=30°. However, with decreasing local fiber volume fraction, the variation of the 

ERR along the debond front (θ direction) becomes less significant, as the perturbation 

from the neighboring fiber becomes smaller with neighboring fibers moving away 

from the broken fiber. It would be expected that the ERR would be constant along the 

debond front when neighboring fibers are sufficiently far away where the effect of the 
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neighboring fibers could not be felt. Meanwhile, for each local fiber volume fraction 

case, it is also found that the ERR decreases with increasing debond length at each 

angular location along the debond front. For each debond length, the maximum ERR 

is higher in larger local volume fraction case suggesting debonds tend to grow first in 

the fiber clustering regions.  

To better interpret the angular variation of results in Fig.3 (a)-(c), the ratio and the 

difference between ERR at θ=0° and θ=30° is also calculated for each local volume 

fraction case and it is displayed in Fig. 4(a) and Fig. 4(b), respectively. The larger 

ratio or difference means more variation of ERR along debond front, which also 

indicates more significant effect of the neighboring fibers. As shown in Fig.4 (a) and 

(b), both the ratio and the difference show the same trend: it is the highest in loc
fV

=0.78 case, and decreases with decreasing local fiber volume fraction. Meanwhile, for 

each local volume fraction case, both the ratio and the difference decrease slightly 

with increasing debond length and then they tend to become constant when steady 

state growth region is approached. The observed insensitivity to debond length 

indicates that the debond, even if its shape is not circular, would not change the shape 

during propagation.  

 

 

(a) 
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(b) 

 

(c) 

Fig.3 a). Angular dependence of J-integral values for CF/EP in mechanical loading. %1z , loc
fV

=0.78, b). Angular dependence of J-integral values for CF/EP in mechanical loading %1z , loc
fV

=0.72, c). Angular dependence of J-integral values for CF/EP in mechanical loading %1z , loc
fV

=0.68. 

 

From Fig.3 it is clear that the ERR depends on the local fiber volume fraction and for 

each debond length, the maximum ERR occurs at θ=0 °, where the circular debond is 

most likely to grow first. In order to demonstrate the effects of the local fiber 
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clustering on the ERR, the ERR at θ=0° was calculated against debond length for 

three local fiber volume fraction cases and the results are displayed in Fig. 5. 

 

 

(a)                                                                               

 

(b) 

Fig.4. a) The ratio of J-integral values obtained at θ=0 ° and at θ=30 °; b) The difference between J-

integral value at θ=0 ° and that at θ=30 ° against normalized debond length for three local fiber volume 

fractions 
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Fig. 5. The ERR at θ=0° against normalized debond length 

 

Locally higher fiber volume fraction facilitates the debond growth: the ERR is 

significantly higher at loc
fV =0.78 than at loc

fV =0.68 and the effect is nonlinearly 

increasing. In all cases the ERR is decreasing with increasing debond length, 

monotonously approaching the corresponding steady state value. Direct comparison 

with the steady state solution presented for hexagonal model in [28] is not possible 

because that solution is based on potential energy change when a perfectly bonded 

element is replaced by element with debonded fiber and, therefore, the steady state 

model gives the average value and not the angular dependence of the ERR.  

It should be noted that the same trend for the ERR holds for all angles along the 

debond front.  

The ratio of the J-integral value at θ=0° obtained in loc
fV =0.78 case and the one 

obtained for the same angle in loc
fV =0.68 case is also calculated and plotted against 

the normalized debond length in Fig.6. The higher the ratio is, the more significant the 

fiber clustering effect on the ERR is. From Fig.6 it can be seen that the ratio decreases 
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gradually with the increase of the debond length and becomes constant for long 

debonds, when the steady stress state is approached. 

 

 

Fig. 6. Ratio of the J-integral values at θ=0° obtained in loc
fV =0.78 case and those obtained in loc

fV

=0.68 case against normalized debond length.  

 

So far we have discussed results based on angle dependent ERR values and it is 

obvious that the debond front would not be circular during loading. However, since in 

reality, the exact shape of debond front is difficult to define as it depends on many 

factors. Therefore, it is also of merit to calculate the average of the angle dependent 

ERR along the crack front.  

Fig.7 shows the average ERR obtained by the 3-D hexagonal model and the ERR 

calculated by the 5 cylinder axisymmetric model developed in [27] for three local 

fiber volume fractions. The ERR obtained from both models has similar trend against 

the debond length, although the ERR obtained in the axisymmetric case, with 

introduced fiber cylinder surrounding the investigated debonded fiber, is higher than 

the average ERR obtained in 3-D model. It is expected, as using a ring of fiber 

material in an axisymmetric model to represent the fiber clustering could be 

considered as an extreme case for fiber clustering where neighboring fibers are 
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touched by each other in the 3-D model.  In both models the effect of the local 

clustering diminishes with increasing debond length. 

 

 

Fig. 7. Average ERR against normalized debond length obtained by the 3-D hexagonal model and 

axisymmetric model 

 

 

Fig. 8. Ratio of the average J-integral values for loc
fV =0.78 and those for loc

fV =0.68 against 

normalized debond length.  
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Fig.8 shows the ratio of the average J-integral values obtained in loc
fV =0.78 case and 

those obtained in the loc
fV =0.68 case. Similar trend is found as that in Fig.6 for the 

same ratio at θ=0, however, the effect of neighboring fiber is much less significant 

and for long debonds the ratio is almost equal to one.  

4.2 Glass fiber/epoxy composites 

In order to account for the effect of the fiber properties on the debond growth, the 

local fiber clustering in glass fiber/epoxy (GF/EP) composite with local fiber volume 

fraction 
loc
fV =0.78 under the same tensile strain as in the CF/EP case was studied. 

loc
fV =0.78 represents the most severe fiber clustering case among investigated in the 

CF/EP material system. It was found that for GF/EP composite, similarly as to CF/EP 

composite, the debond growth under tensile mechanical loading is in Mode II. In the 

following only results obtained through J-integral method are presented.  

Fig.9 shows the ERR for GF/EP obtained by the J-integral along debond front of 

debonds with different length. Due to the lower elastic modulus of the glass fiber, the 

ERR is much lower than that in the CF/EP case. However, similar trend as that in 

Fig.3 for CF/EP is found:  for each debond length, the ERR has a maximum at θ=0° 

and decreases with increasing angle until θ=30°. The shape of the ERR variance along 

the debond front is very similar with the CF/EP case. The average ERR versus debond 

length is plotted in Fig.10. As shown in Fig.10, the average ERR is decreasing with 

increasing debond length and tend to become constant as debond reaches the steady 

state growth region, observation that is similar to what was found in  the CF/EP case.  

Finally, the ratio of the ERR at θ=0° and θ=30° is calculated for each debond length 

and compared with that in CF/EP case, see Fig.11. It is found that although the ratio 

(angle dependence) is slightly higher in the CF/EP cases, the same trend could be 

found for both cases: the ratio decreases slightly for debond length ld up to 4 rf  and 

then the ratio tends to become constant with increasing debond length.  Based on the 

discussion above, it could be concluded that the ERR obtained for the initial stage of 

debond growth in GF/EP composites has a similar trend as that in CF/EP composites, 
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which also indicates that a similar debond growth behavior could be found for both 

material systems.   

 

Fig. 9. J-integral dependence on θ for GF/EP composite in mechanical loading %1z , 
loc

fV =0.78 

 

 

Fig. 10. Average value of the J-integral for GF/EP composite versus normalized debond length. 
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Fig. 11. Ratio of the J-integral value obtained at θ=0 ° and that at θ=30 ° for both CF/EP and GF/EP 

composites.  

 

5. Conclusions 

The effect of local fiber clustering on potential energy release rate (ERR) during the 

initial stage of debond growth along a broken fiber in UD composite under tensile 

axial loading has been investigated using  a model with local hexagonal fiber array 

with central broken fiber, this unit being surrounded by homogenized effective 

composite. A 3-D hexagonal FE model with contact elements on the debond surfaces 

was used. The J-integral and the VCCT method were adopted in order to calculate the 

ERR assuming thet the debond front is circular. The ERR results collected from the 3-

D model were then compared with those obtained using a 5-cylinder axisymmetric 

model developed earlier by the same authors. Carbon fiber/epoxy UD composite and 

glass fiber/epoxy composites with global fiber volume fraction Vf=0.6 were studied. 

Based on these investigations, following conclusions are drawn: 

1. For CF/EP composites, in the presence of local fiber clustering, the ERR of 

initial short debond shows significant dependence on angle θ along the debond 

front, with the maximum ERR always found at θ=0° , where the distance 

between the broken fiber and the neighboring fiber is the shortest. That 

angular dependence is magnified for more dense fiber clustering or  for shorter 

debond length cases.  
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2. For CF/EP composites, for each local fiber clustering case, ERR decreases 

with increasing debond length. Although the ERR varies along the debond 

front, the shape of the ERR variance is similar for each debond length, which 

suggests that the shape of debond front, which in fact is not circular, would 

remain similar and independent on the debond length. 

3. For CF/EP composites, the avarage ERR is not senstitive to fiber clustering.. 

4. The ERR of GF/EP composite shows similar trends as found in the CF/EP 

composite. 

5. The average ERR obtained from the 3-D hexagonal model is slightly lower 

than the ERR from 5-cylinder axisymmetric model, which indicates that the 

axisymmetric model could be used as an upper bound to the hexagonal 3-D 

model. 
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