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A B S T R A C T   

This paper presents a hierarchical hybrid micro-macro mechanical damage model aimed to simulate progressive 
failure in fibre reinforced composite materials. The hybrid model works based on performing image processing 
on the SEM cross-sectional images of microstructure to generate a location base file with the information of 
scattering of local volume fraction of the microstructure. The information is moved to a macro mechanical model 
which is implemented in Abaqus/Explicit using a user-defined material model. Prior to the macro mechanical 
analysis, the user-defined material model estimates the effective mechanical properties of each material point by 
using the local volume fraction and the analytical micromechanical models such as the rule of mixture, Chamis 
and Bridging. The hybrid damage model was verified by comparison with results from macroscale simulations 
with different fibre volume fractions. The hybrid model was used to analyze the resin-rich uncertainty in the 
composite material. The effect of the discretization window size was mitigated by using microstructure images 
and point-to-point mapping for the estimation of the mechanical properties. The presence of the resin-rich zone 
led to a 25.2 % decrease in the transverse stiffness and a 27.0 % increase in the failure strain which was well 
predicted by the hybrid model.   

1. Introduction 

The complex geometrical characteristic of unidirectional composites 
leads to a large number of uncertainty sources in turn leading to vari
ability in the mechanical and thermal properties which can jeopardize 
the performance of composite components. The variations in micro
structural morphologies such as fibre waviness, dry fibres, voids, resin- 
rich zones, and volume fraction variations introduce significant spatial 
scatter in composite stiffness and strength properties which are hard to 
predict due to batch-to-batch variability of test specimens. While studies 
of the effect of voids and fibre waviness in microstructures are abundant, 
the volume fraction variation and resin-rich zones are less discussed in 
the literature. 

Fibre volume fraction variations and resin-rich areas or resin pockets 
are formed either due to scatter in permeability during the consolidation 
or impregnation phase of the manufacturing process or they are formed 
at the interface of laminae in the laminate as inter-laminar resin-rich 
layers. The presence of these resin-rich zones changes the local 

mechanical properties and failure mechanisms of the composite material 
[1]. Several researchers have tried to develop numerical models to 
include the influence of fibre volume variability and resin-rich areas. 
Microstructural Finite Element (FE) simulations of Fibre-Reinforced 
Polymer (FRP) by considering different constituents, i.e., fibres and 
matrix, have been proven to be accurate in predicting the mechanical 
response and failure [2,3]. Huang [4] presented a micromechanics 
damage model for the simulation of Unidirectional (UD) composites 
with different volume fractions. Using the information from composite 
constituents, i.e., fibres and resin, he managed to predict the tensile and 
shear behaviour of different composite materials. The effect of spatial 
arrangement and size of the resin-rich zone on mechanical responses 
was investigated by Ahmadian et al. [5]. By using statistical volume 
elements (SVE), they showed that the effect of the resin-rich zones is 
more severe under transverse compression load conditions compared to 
tensile loading conditions. Besides, it is uncovered that the presence of 
resin-rich zones leads to a decrease in the transverse tensile strength of 
the composite. Also on CFRP composites, Ghayoor et al. [6] studied the 
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effect of resin-rich pockets on the transverse properties. Representative 
volume elements (RVEs) with predefined resin pockets were used in 
finite element (FE) simulations to show that the resin pockets reduce the 
stiffness and failure strain of composite materials. More specifically, for 
samples with the same volume fractions, the ones with resin pockets fail 
at lower strains than the ones without. Jiang et al. [7] used micro
mechanical simulations to prove the possibility of improvements in 
elastic modulus and compressive strength of CFRP by using soft micro- 
length aramid pulp micro/nano-fibre interlays. The simulation results 
showed that the failure modes alterations benefit from using ultra-thin 
AP micro-fibre interlays leading to higher compressive strength. 

FE simulations play an important role in the investigation of these 
issues. Yang et al. [8] investigated the influence of inter-fibre spacing on 
the transverse failure of composite using micromechanical FE simula
tions. A decrease in transverse properties was found in higher volume 
fractions and small inter-fibre spacing situations. Sharifpour et al. [1] 
performed micromechanical FE simulations to study the effect of 
manufacturing-induced defects such as fibre spatial distribution and 
microvoids on the tensile properties of cross-ply composite laminates. 
Due to a decrease in the distortion and dilatation energy levels, local 
yielding can be hindered in the resin-rich zone resulting in postponing 
the crack propagation once a crack reaches the resin-rich zone from 
adjacent fibre clusters. Jiang et al. [9] presented a microscale FE model 
to investigate the effect of voids on the mechanical properties and failure 
mechanisms of fibre bundles. The increase of void content resulted in a 
decrease in modulus and strength except for longitudinal properties 
where the presence of voids showed little influence. 

Zhu et al. [10] developed a fatigue model to include the effect of 
random fibre distribution such as resin-rich zone and fibre clustering 

and observed that the presence of poorly distributed fibre zones has a 
significant effect on the fatigue life and location of the failure. Koley 
et al. [11] developed a numerical framework to study the effect of fibre 
volume variations inside an RVE on the effective elastic properties and 
observed that the fibre rich and resin-rich zones have a pivotal role in 
the prediction of the elastic properties of the RVE. Chu et al. [12] 
investigated the influence of defects such as voids on the elastic prop
erties of composite materials by using micromechanical FE simulations 
and analytical approaches. It was reported that the analytical ap
proaches can be considered effective in the prediction of the elastic 
properties of composite materials containing random void defects. 

Sanei et al. [13] discussed the effectiveness of using RVE, SVE, and 
Uncorrelated Volume Element (UVE) in stochastic modelling of micro
structure demonstrating that depending on the size and the location of 
the RVE, severe variation in the fibre volume fraction may exist. 
Therefore, the RVE cannot be an effective representative of the micro
structure and does not include scatter because it does not allow vari
ability. Meanwhile, the SVEs can be used for stochastic modelling since 
they allow the scatter, they need to be uncorrelated to be scattered 
randomly within the simulation domain. Sanei et al. [13] proposed a 70 
μm window size to be the uncorrelated volume element for the random 
assignment of the properties. 

In addition, multiscale approaches [14,15] have been widely applied 
in recent years to consider the effect of uncertainty in composite mate
rials. Multiscale approaches allow micro/meso scale models to calculate 
equivalent material properties, which can be later used as the consti
tutive law in macroscale models [15,16]. Jiang et al. [17] presented a 
multiscale model to predict the shear strength and progressive damage 
of braided composites. Microscale representative unit cell was used to 

Fig. 1. The procedure of the hybrid micro-macro mechanical model.  
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calculate the effective properties that were later used to predict damage 
in a mesoscale model. The homogenization-based macroscale models 
can improve the efficiency of calculation, even for the cases of complex 
structures and/or loading conditions. More specifically regarding the 
investigation of uncertainty, it is found that the study based on meso
scale modelling is insufficient to evaluate the effect of uncertainty, while 
a larger scatter can be provided from the macroscale model compared 
with mesoscale ones [15,18]. Therefore, multi-scale approaches to 
consider the uncertainty of composite by doing simulations in both 
micro and macro models can lead to accurate results while complex 
modelling generation and high computational time are still a concern. 

This work aims to present a non-stochastic hybrid micro and 
macroscale damage model to consider the effect of fibre volume vari
ability and resin-rich zones in the prediction of transverse properties of 
FRP composites. An image-based reconstruction approach has been used 
here to assimilate the microstructure information by implementing 
analytical formulations to provide a point-to-point link between the 
microscale properties to the macro scale damage model. Several 
analytical micromechanical formulations such as the rule of mixture 
(ROM) [19], Chamis [20,21], modified Chamis [20,21] and Bridging 
[22,23] have been considered for the estimation of elastic and damage 
properties by using the information from the image processing on the 
microstructure. Using this approach, there is no need to perform FE 
simulations on the microstructure which makes the proposed model 
computationally effective. In order to consider the resin-rich un
certainties, the model should be capable of considering the variations of 
local fibre volume fractions in the microstructure. Accordingly, several 
RVEs of FRP microstructure with different volume fractions have been 
developed to calibrate the hybrid model. Finally, a block of micro
structure with resin-rich uncertainty has been investigated using both 
the micromechanical model and the hybrid micro–macro scale model to 
investigate the capabilities of the hybrid model to predict of transverse 
properties of the microstructure with resin-rich uncertainty. 

2. Methods 

2.1. Description of the hybrid model 

The hierarchical hybrid micro–macro mechanical model consists of 
three steps. First, the SEM cross-sectional microstructure image 

perpendicular to the fibre orientation is analyzed in an image-processing 
step in MATLAB in order to generate a topological file with the infor
mation on the scatter of the local volume fraction of the microstructure. 
The information is moved to the macro mechanical model which is 
implemented in Abaqus/Explicit using a user-defined material model or 
VUMAT. Prior to the macro mechanical analysis, a user-defined material 
model estimates the effective mechanical properties of each material 
point by using the local volume fraction and the analytical micro
mechanical models such as ROM, Chamis, modified Chamis and 
Bridging. The macroscale damage model incorporated the microstruc
ture information by means of analytical formulations to estimate the 
elastic and damaged mechanical properties which depend on the local 
volume fraction in a non-stochastic manner. The macroscale damage 
step is based on the failure criterion of Puck [24,25] for initiation of 
inter-fibre fracture and a strain-based model to account for progressive 
failure, see Fig. 1 for the summarized procedure of the hybrid model. 
This section presents a detailed description of each step of the hybrid 
model. At the end of this section, the micromechanical FE models are 
described in which microstructure blocks of different fibre volume 
fractions are developed for the verification of the hybrid damage model. 

2.2. The local fibre volume fraction 

Local fibre volume fraction variation is one of the sources of 
microstructural variability in fibre-reinforced polymers. In many cases, 
an average fibre volume fraction is used in numerical simulations of 
fibre-reinforced polymers while a significant scatter in the local fibre 
volume fraction in different material locations is present. The changes in 
the local fibre volume fraction are the source of variation in stiffness and 
strength as well as fatigue properties. Image processing has been re
ported as a useful tool to quantify the local fibre volume fraction vari
ability in an FRP microstructure. Here, similar to the approach of Sanei 
et al [13], the variation of local fibre volume fraction in different ma
terial points has been taken into account by partitioning the SEM image 
into a rectangular grid of square windows. It has been shown that the 
scatter in the local fibre volume fraction highly depends on the size of 
the window and that smaller window sizes lead to higher variations in 
the local fibre volume fraction. Most of the effort to determine the 
window size was put into finding the minimum RVE size to maintain the 
statistical homogeneity of the microstructure [13]. 

Fig. 2. Schematic view of the microstructure and its reconstruction using fibre volume-dependent elements, (a): Microstructure without resin-rich uncertainty, (b): 
Microstructure with resin-rich uncertainty. The microstructures have been processed based on the SEM image from [27,28]. 

M. Rezasefat et al.                                                                                                                                                                                                                              



Composite Structures 308 (2023) 116714

4

The image processing was performed in MATLAB to measure the 
fibre volume fraction in each window. For a clear distinction between 
the fibre and matrix in the SEM image, the intensity threshold and the 

edge detection methods have been used [26]. Due to the higher atomic 
number of fibres compared to the matrix, the fibres appear brighter in 
the SEM image which has been used to distinguish the fibre from the 
matrix. To better illustrate, the cross-section SEM images [27,28] of 
CFRP without and with resin-rich uncertainty were analyzed by image 
processing in Fig. 2-a and b, respectively. As can be seen the segmented 
image with square windows shows a scatter in the local fibre volume 
fraction which corresponds to the microstructure images of the CFRP. In 
each window, the local volume fraction has been calculated as the area 
of the volume of the fibres inside the window to the total window vol
ume. The variation between the maximum and minimum value of 
scattered fibre volume fractions in each microstructure image depends 
on the segmentation window size. This variation has been shown in 
Fig. 3 for the two microstructures in Fig. 2. Higher variations can be 
obtained with a smaller window for the observation of both micro
structures. Because decreasing the window size leads to the presence of 
several segmentation windows located in the resin-rich areas that 
determine the lower limit of the scattered volume fraction. Both the 
minimum and maximum value of the volume fraction in the micro
structure without resin-rich uncertainty are susceptible to change with 
the change of the window size too, which is consistent with the 
conclusion of [13]. The relationship between the minimum and 
maximum volume fractions is different for the microstructure with the 
resin-rich uncertainty in comparison with the microstructure without 

Fig. 3. The variation in local fibre volume fraction for the microstructure with 
and without resin-rich uncertainty with respect to the window length. 

Fig. 4. Actual distribution and distribution fits of the local fibre volume fractions. (a): Microstructure without resin-rich uncertainty, (b): Microstructure with resin- 
rich uncertainty, (c): Comparison of both results. 
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resin-rich uncertainties; the minimum value of fibre volume fraction is 
significantly lower for all window sizes which is due to the presence of 
resin-rich zones. A further decrease in the window size leads to the 
minimum value of zero in the microstructure with resin-rich uncertainty 
that was not observed in the other microstructure. In addition, higher 
variations in all the different investigated window sizes have been 
observed for the microstructure with resin-rich uncertainty which is an 
important aspect in stochastic FE modelling of FRP with uncertainties 
and should be considered in simulations. More information on the 
proper window size for stochastic simulations can be found here [13]. 

To better illustrate the difference between the segmented represen
tative elements of the microstructure with and without the resin-rich 
uncertainty, the volume fraction distributions for the microstructures 
in Fig. 2 have been compared in Fig. 4. From the comparison of Fig. 4-a 
and b it can be seen that the presence of resin-rich uncertainty has led to 
a significant increase in the probability density of the windows with low- 
volume fractions. In [13] several distribution fits, such as Weibull, Beta, 
and Extreme value were suggested to represent the actual distribution of 
the volume fraction variation. Whereas here better results were ach
ieved using Kernel distribution. Fig. 4-c shows the comparison of the 
actual distribution of the fibre volume fraction for both microstructures 
with the Kernel fit. The Kernel distribution fit was accurate in repre
senting the fibre volume fraction distribution of both microstructures. A 
discussion on the effect of the window size on the scatter of material 
properties and response of the FRP microstructures is presented in 
Section 3.3. 

2.3. Analytical models for the estimation of mechanical properties 

This section presents a brief description of the analytical homoge
nization models for the estimation of transverse elastic properties and 
transverse strength of unidirectional composites. Different analytical 
approaches have been presented for the elastic and strength properties 
among which the rule of mixture (ROM) [19], Bridging [22,23] and 
Charmis [20,21] models are considered for the estimation of effective 
elastic properties; while the Charmis model [20,21], modified Chamis 
model [20,21], and Bridging model [29] have been chosen for the 
estimation of transverse strength of FRP composite. The selection of the 
models was work based on the comparative studies performed in 
[30,31]. 

2.3.1. Elastic properties  

• Rule of mixture (ROM) 

The well-known rule of mixture model has been widely used for the 
estimation of material properties in fibrous composites. This model 
predicts the overall material properties in terms of the properties of the 
constituent phases with regard to their volume fraction. The ROM 
equation for the prediction of longitudinal young’s modulus has been 
proven to be accurate, therefore the ROM, i.e., Equation (1) has been 
used for the estimation of the longitudinal young’s modulus (E11). The 
transverse young’s modulus (E22), Poisson’s ratio (ν12), and in-plane 
shear modulus (G12) are estimated by Equations (2), (3), and (4) by 
the ROM method, respectively. 

E11 = Vf Ef
11 +VmEm (1)  

E22 =
Ef

22Em

EmVf + Ef
22Vm

(2)  

ν12 = Vf νf
11 +Vmνm (3)  

G12 =
Gf

12Gm

GmVf + Gf
12Vm

(4)  

where Vf is the fibre volume fraction and Vm is the matrix volume 
fraction. The suffixes “m” and “f” refer to matrix and fibre, respectively 
used to express the properties of constituents.  

• Chamis model 

The semi-empirical micromechanical model of Chamis [20,21] ex
presses all the independent elastic properties with separate empirical 
equations except for the E11 and ν12 which are estimated with the ROM 
relations. The Chamis formulations for transverse elastic properties are 
as follows: 

E22 =
Em

1 −
̅̅̅̅̅
Vf

√ (
1 − Em/Ef

22
) (5)  

G12 =
Gm

1 −
̅̅̅̅̅
Vf

√ (
1 − Gm/Gf

12
) (6)  

G23 =
Gm

1 −
̅̅̅̅̅
Vf

√ (
1 − Gm/Gf

23
) (7)    

• Bridging model 

The Bridging model has been proposed by Huang [22,23], which 
predicts the elastic properties according to the following equations: 

E22 =
(Vf + Vma11)((Vf + Vma22)

(Vf + Vma11)(Vf Sf
22 + Vma22Sm

22) + Vf Vm(Sm
21 − Sf

21)a12
(8)  

G12 =
(Vf + Vma66)(Gf

12Gm)

Vf Gm + Vma66Gf
12

(9)  

G23 =
0.5(Vf + Vma44)

Vf (Sf
22 − Sf

23) + Vma44(Sm
22 − Sm

23)
(10) 

In the above equations the aij are the bridging matrix components 
[22,23] and the Sk

ij are the components of the compliance matrices of the 
matrix and fibre for k = m and k = f, respectively. 

2.3.2. Transverse strength  

• Chamis model 

By dividing the RVE into subregions and considering a square fibre 
packing array, Chamis developed [20,21] the Equations (11) and (12) 
for the prediction of transverse tensile (St

22) and shear strength (Ss
12) of 

fibrous composites, respectively. 

St
22 =

[

1 −
( ̅̅̅̅̅

Vf
√

− Vf
)
(

1 −
Em

Ef
22

)]

Sm
t (11)  

Ss
12 =

[

1 −
( ̅̅̅̅̅

Vf
√

− Vf
)
(

1 −
Gm

Gf
12

)]

Sm
s (12)  

where Sm
t , and Sm

s are the matrix tensile and shear strength, respectively.  

• Modified Chamis model 

By using the assumptions of the Chamis model and using Equation 
(11), a modified version of the Chamis equation has been presented 
(Equation (13)) which is reported to provide a more accurate estimation 
of the transverse tensile strength [31]. 

St
22 =

[

1 −
( ̅̅̅̅̅

Vf
√

− Vf
)
(

1 −
Em

Ef
22

)]nt

Sm
t (13) 
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where nt is calibrated in Section 3.2.  

• Bridging model 

The transverse strength is estimated by Equation (14) in the bridging 
model [22,23,32] which considers the stress concentration in the vi
cinity of fibres in the microstructure. 

St
22 =

[

Vf
Ef

22(
βEf

22 + (1 − β)Em
)+
(
1 − Vf

)
]

Sm
t

Kt
22

(14)  

where β is the Bridging parameter discussed in Section 3, and Kt
22 is the 

stress concentration factor and is calculated by Equation (15). 

where ϕ = π
4+

1
2 asin

(
Sm

c − Sm
t

Sm
c +Sm

t

)
and for the transverse tensile the stress 

concentration factor is given as: 

Kt
22 = K22(0) (16) 

While: 

a =

[
1 − νm − 2(νm)

2 ]Ef
22 −

[
1 − νf

23 − 2
(
νf

23
)2
]
Em

(1 + νm)Ef
22 +

[
1 − νf

23 − 2
(
νf

23
)2
]
Em

(17)  

b =

(
1 + νf

23
)
Em − (1 + νm)Ef

22
[
νm + 4(νm)

2
− 3

]
Ef

22 −
(
1 + νf

23
)
Em

(18)  

2.4. Macro mechanical constitutive and damage model 

The macro-homogeneous simulation of composites is preferred over 
the micromechanical method in many situations due to computational 
limitations [33]. Instead of considering all the constituents of the com
posite material, the global behaviour of lamina is described by the 
macro-homogeneous simulation. The Continuum Damage Mechanics 
(CDM) approach at the macro level has been used for FE simulations of 
progressive damage in composites based on the previous work presented 
in [34]. The progressive failure of composites is based on selectively 
degrading the stiffness parameters of the material. The degradation of 
stiffness parameters is controlled by damage variables which are the 
output of a linear strain-based damage evolution law. By defining 
different variables, only stiffness parameters corresponding to the fail
ure mode of the material are degraded. 

The inter-fibre failure criterion of Puck [24,25] for unidirectional 
composites has been used here. The failure criterion of Puck consists of 
two equations to calculate the material exposure in tension (σn(θ) > 0) 
and compression (σn(θ) < 0), i.e., IFF1 and IFF2 of Equation (19). The 
material exposure ranges from 0 to 1 where 0 means the unload con
dition and 1 indicates the onset of damage. 

fe1(θ) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅[(
1

Rt
⊥

−
Pt
⊥Ψ

RA
⊥Ψ

)

σn

]2

+

(
τnt

RA
⊥⊥

)2

+

(
τnl

RA
⊥‖

)2
√

+
Pt
⊥Ψ

RA
⊥Ψ

σn for σn ≥ 0

fe2(θ) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
τnt

RA
⊥⊥

)2

+

(
τnl

RA
⊥‖

)2

+

(
Pc
⊥Ψ

RA
⊥Ψ

σn

)2
√

+
Pc
⊥Ψ

RA
⊥Ψ

σn for σn < 0

(19) 

In the above equation we have: 

Pt
⊥Ψ

RA
⊥Ψ

=
Pt
⊥⊥

RA
⊥⊥

cos2Ψ+
Pt
⊥‖

RA
⊥‖

sin2Ψ (20)  

Pc
⊥Ψ

RA
⊥Ψ

=
Pc
⊥⊥

RA
⊥⊥

cos2Ψ+
Pc
⊥‖

RA
⊥‖

sin2Ψ (21) 

while: 

cos2Ψ = 1 − sin2Ψ =
τ2

nt

τ2
nt + τ2

nl
(22)  

RA
⊥⊥ =

Rc
⊥

2(1 + Pc
⊥⊥)

(23)  

where according to [24] Rt
⊥ = St

22, and RA
⊥‖

= Ss
12 are the normal and 

shear strengths, respectively. Also, Pt
⊥⊥, Pt

⊥‖
, Pc

⊥⊥, and Pc
⊥‖

are inclination 
parameters to describe the master fracture body and the material 
strengths are expressed in the action plane. On criticality of the inter 
fibre failure criterion of Puck is the need for a search algorithm to find 
the fracture angle orientation which adds a significant computational 
cost to the FE solution. Here the Simple Parabolic Interpolation Search 
(SPIS) [34] has been used to estimate the fracture angle orientation for 
each element during the explicit simulation. SPIS is a non-iterative al
gorithm to estimate the maximum exposure functions of Equation (19) 
and operates by isolating the ranges that potentially contain the global 
maxima in the exposure curve. More information on the SPIS can be 

Table 1 
Mechanical properties for the micromechanical simulation.  

Mechanical property Notation Value 

Longitudinal modulus E11(GPa) Equation (1) 
Transverse modulus E22(GPa) Equation (2), (5), and (8) 
Through-thickness modulus E33(GPa) Equation (2), (5), and (8) 
In-plane shear modulus G12(GPa) Equation (4), (6), and (9) 
Transverse shear modulus G13(GPa) Equation (4), (6), and (9) 
Through-thickness shear modulus G23(GPa) Equation (7) 
Major Poisson’s ratio v12 Equation (3) 
Major transverse Poisson’s ratio v13 Equation (3) 
Through thickness Poisson’s ratio v23 0.49 
Transverse tensile strength St

22(MPa) Equation (11), (13), and (14) 
In-plane shear strength Ss

12(MPa) Equation (12)  

K22(φ) =

{

1 +
a
2

̅̅̅̅̅
Vf

√
cos(2φ) +

b
2
(
1 −

̅̅̅̅̅
Vf

√ ) [V2
f cos(4φ) + 4(1 − 2cos(2φ))Vf cos2(φ)

+
̅̅̅̅̅
Vf

√
(2cos(2φ) + cos(4φ)]

}Vf Ef
22 +

(
1 − Vf

)[
βEf

22 + (1 − β)Em]

βEf
22 + (1 − β)Em

(15)   
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found here [34]. 
The damaged stiffness matrix is achieved by selectively degrading 

the stiffness parameters the damage parameter dm see [34] for more 
information. Since the transverse properties are of interest here, the 
fibre direction failure modes were ignored and the material properties 
corresponding to the fibre direction remain untouched during the sim
ulations. The damage parameters dm is a damage variable for matrix and 
matrix-shear failure. The damage parameter is measured according to 
Equation (24). 

dm = (1 − dIFF1)(1 − dIFF2) (24) 

In Equation (24) the dIFF1 and dIFF2 are the damage indices for the 
tensile and compression failure modes of Puck failure criteria, respec
tively. Once the failure criteria of Equation (19) are met, the damage 
indices increase from zero according to the strain-based progressive 
damage model of Equation (25). 

di =
εi,u

εi,u − εi,on

(

1 −
εi,on

εi

)

(25) 

In the above equation, the subindex i represents different failure 
modes of Equation (19). εi,u represents the ultimate failure strain which 
depends on element characteristic length and fracture energy to avoid 
strain localization. The εi is the equivalent strain and is equal to 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

〈εn〉
2
+ γnt

2 + γnl
2

√

for tension and compression. In addition, εi,on is the 
failure onset strain for each failure mode and is equal to the equivalent 
strain of the onset of damage which is calculated only if the failure 
criteria are met. 

The mechanical properties of the macro mechanical model are 
summarized in Table 1. As mentioned in Section 2.1, the volume frac
tions from image processing and the analytical micromechanics for
mulations in Section 2.3 are used to estimate the mechanical properties 
of the material for the micro-homogeneous simulations. 

2.5. Micromechanics FE model 

In this paper, micromechanical FE models have been used for the 
calibration and verification of the hybrid damage model. Several RVE 
models with a range of fibre volume content have been created to carry 
out the micromechanical FE analysis. Micromechanical models have 
been used for the prediction of transverse mechanical properties of the 
composition of fibres which are randomly distributed in the matrix 
domain based on the simulation approach presented by Naya et al [35]. 
The microstructure is assumed as a set of parallel fibres with a perfect 
circular shape that is randomly scattered in the polymer matrix. To 
guarantee that the fibre placement in the RVE is representative of the 

actual fibre placement in a composite ply, the fibre distribution in each 
RVE was developed by mimicking the fibre distribution of micrograph 
pictures of composite ply from [28]. In all of the micromechanical 
models, the carbon fibres were considered perfectly cylindrical with a 
diameter of 6.6 μm [36,37]. 

Three levels of micromechanical study were performed aiming to 
produce useful information on the transverse mechanical properties of 
composite material for the calibration of the hybrid damage model and 
to investigate the effectiveness of the hybrid model in the prediction of 
stress–strain response of composite with resin-rich uncertainty. To 
achieve this, initially, the single-fibre RVEs with different fibre volume 
fractions were analyzed. The representative RVE must contain an 
adequate number of fibres [35,37] to be reliable in capturing the key 
characteristics of composite microstructure. Approximately 50 fibres are 
sufficient in an RVE to achieve a good balance between accuracy and 
computational time [35]. To study the effect of the volume fraction, 
different RVEs must be generated with different fibre volume fractions 
which can be achieved by reducing the number of fibres in the domain or 
by increasing the size of the RVE. The latter option was used to be sure 
that the shape diameter and the total number of fibres are constant for 
different volume fractions. The changes in the volume fraction were 
implemented by increasing the size of the RVE and keeping the relative 
location of fibres the same in different models. Therefore, the generated 
RVE models had different lengths and widths while in all of them the 
thickness was equal to 1.65 μm [37]. Finally, one block of microstruc
ture was developed to investigate the resin-rich uncertainty in the CFRP 
composite. The shape and size of the resin-rich uncertainty have been 
defined by replicating an SEM image of a composite with such uncer
tainty from [38]. Examples of micromechanical FE models have been 
shown in Fig. 5-a and b for RVE with one and 50 fibres, respectively. 

In all these models the perfectly circular and transversely isotropic 
carbon fibres are models as linear elastic solids and are constituted by 

Fig. 5. Microstructure FE models, (a): Single fibre models, (b): The model with 50 fibres and its constituents including fibres, matrix and zero thickness cohe
sive elements. 

Table 2 
Properties of carbon fibre and epoxy matrix used for microstructure FE simu
lation [39–41].  

Mechanical property Carbon fibre Epoxy matrix 

Elastic modulus in longitudinal direction-E11 (GPa) 238 4.08 
Elastic modulus in transverse direction-E22 (GPa) 28 – 
Poisson’s ratio 0.28 0.38 
Shear modulus-G12 (GPa) 24 – 
Shear modulus-G23 (GPa) 7.2 – 
Tensile yield stress (MPa) – 99 
Energy dissipation (J/m2) – 100 
Internal friction angle-β  29  
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five elastic and independent constants of Ef1, Ef2, νf12, Gf12, and Gf23. 
The elastoplastic polymer matrix was simulated with a damage plasticity 
model which is accurate in the simulation of the polymer matrix [35]. 
The isotropic polymer matrix is described with two constants of elastic 
modulus and Poisson ratio, i.e., Em and νm in the elastic region. 

A modified Drucker-Prager plasticity yield surface is defined in the 
damage plasticity model with two damage indices to account for the 
quasi-brittle behaviour of the material in compressive and tension- 
dominant loading cases, for more information on the model see [35]. 
The mechanical properties used for the micromechanical FE simulations 
are presented in Table 2. 

The debonding between the matrix and fibre was simulated by means 
of zero thickness cohesive elements. The fibre/matrix interface proper
ties were chosen based on the parametric study performed in [37]. The 
bi-linear quadradic equation of (26) was used to account for the onset of 
the debonding in which only the tensile normal traction contributes to 
the onset of failure. Since the simulations were performed in the trans
verse direction, the mode I failure strength and fracture energy had a 
meaningful influence on the results. The mode I failure strength (σ0

n) of 
57 MPa and Mode II/III (τ0

T and τ0
L) failure strength of 96 MPa were used 

here [37]. 
(
〈σn〉

σ0
n

)2

+

(
τT

τ0
T

)2

+

(
τL

τ0
L

)2

= 1 (26) 

Interface damage evolution follows the mixed-mode fracture energy 
laws of Benzeggagh and Kenane (B-K) [42], see Equation (27). Mode I 

and II interface fracture energy were set equal to 0.002 and 0.107 N/mm 
according to [37]. 

GC
n +

(
GC

s − GC
n

)
{

GS

GT

}η

= GC (27)  

where η is the B-K material constant and GC
n ,GC

s are the critical normal 
fracture energy and critical shear fracture energy, respectively. Also, GS 
and GT are the out-of-plane and total dissipated energies. 

3. Results and discussion 

In this section, first, the transverse behaviour of the hybrid damage 
model is calibrated by comparison of the results from micromechanical 
FE simulations and the results from the hybrid damage model. A com
parison is performed from the hybrid damage model with the use of 
different equations in Section 2.3 to investigate the capability of 
analytical and semi-analytical micromechanical models in the estima
tion of the material properties of the composite. In addition, the 
micromechanical FE model is validated by comparison with the exper
imental data at a fibre volume fraction of 0.6. The validity of the 
micromechanical model is verified by developing a model with 
approximately 50 fibres and comparing it with the experimental data. 
This is a crucial step since the result from the micromechanical FE 
models have been used to investigate the accuracy of the hybrid damage 
model. Finally, the hybrid damage model has been used for the simu
lation of a block of microstructure with resin-rich uncertainty. In each 
subsection, the results of both numerical approaches are presented and 
discussed. 

3.1. RVE with a single fibre 

Fig. 5-a shows the schematic of single fibre CFRP micromechanical 
FE models. The single fibre models have volume fractions in the range of 
0.2 to 0.7. For the micromechanical FE simulations, the single fibre RVEs 
were discretized with a different number of elements depending on the 
total size of the RVE for the micromechanical simulations, see Table 3. 
While only a single element was used to discretize each model in sim
ulations with the hybrid damage model. The predicted transverse stiff
ness and strength by the micromechanical model were used for the 
benchmarking of the hybrid damage model in terms of equations of 
Section 2.3 that were used within the model for the prediction of stiff
ness and strength of the homogenized composite. 

The ROM formulation is sufficiently accurate in the estimation of the 

Table 3 
Summary of FE models.  

Model Volume 
fraction 

h 
(μm) 

Micromechanical FE model Hybrid 
model    

N. of solid 
elements 

N. of cohesive 
elements 

N. of solid 
elements 

Single 
fibre  

0.20 13.1 2502 126 1   

0.30 10.7 1689 126 1   
0.40 9.2 1341 126 1   
0.50 8.3 1137 126 1   
0.60 7.6 954 126 1   
0.70 7.0 855 126 1 

50 
fibres  

0.31 72 443,340 19,116 324   

0.42 62 328,782 19,056 256   
0.60 52 235,896 18,786 169   
0.70 46 187,884 18,048 144  

Fig. 6. Predicted transverse moduli of UD composite versus volume fraction. (a): The results of micromechanical formulations for the estimation of transverse moduli 
are also compared with the results of micromechanical FE simulation, (b): The aggregate error of each micromechanical formulation with respect to the micro
mechanical FE simulation. 
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longitudinal modulus and Poisson’s ratio ν12 [4,43] of composite ma
terials and is less sensitive to in-situ conditions compared to transverse 
properties. Therefore, ROM mixture equations of (1) and (3) have been 
used for the estimation of these properties in the hybrid damage model. 
The effective transverse properties are more sensitive to geometrical and 
manufacturing uncertainties such as perfect matrix/fibre bonding, faults 
and voids, volume fraction variation, etc. Consequently, a semi- 
analytical formulation has been developed to reach a better prediction 
of the transverse properties. Several works have compared the effec
tiveness of different micromechanics formulations for the prediction of 
effective material properties [31]. Here, as mentioned in Section 2.3, the 
ROM, the Chamis model formula and the Bridging model formula are 
considered for the elastic modulus in the transverse direction and the 
Chamis model, Modified Chamis and Bridging have been compared for 
the transverse strength to pick the best choice for the hybrid damage 
model. 

Fig. 6-a and b show the prediction of transverse modulus by the 
ROM, Chamis, and Bridging model with different bridging parameters 
(β) which are compared with the results of the micromechanical FE 
simulation for single fibre models of different volume fractions. The 
ROM formulation underestimates the transverse stiffness of the com
posites, while a slight overestimation can be also observed from the 
results of the Chamis model formula. The bridging parameter (β) has 
been used here for the calibration of the Bridging model. It can be seen 
that using a smaller bridging parameter leads to a stiffer transverse 
modulus. Bridging parameters 0.5, 0.7 and 0.9 were examined to have a 
better fit with the experimental data, and here the transverse modulus 
calculated with β = 0.7 led to better agreement with the results of the 
micromechanical FE analysis for a single fibre RVE. 

Therefore, the bridging parameters equal to 0.7 was the best option 
for the hybrid damage model. The single-fibre RVE has proven to be 
accurate in predicting the transverse modulus of the composite material 
to some extent. A percentage difference of 14 in the prediction of 
transverse modulus with respect to the experimental data has been re
ported in [11] which is a considerably large error and can be attributed 
to the primitive definition of fibre/matrix interface in the micro
mechanical model of [11]. While here a percentage difference of 1.6 % 
for the predicted transverse modulus with respect to the experimental 

data of [39] has been observed. The single fibre RVEs were not inves
tigated for the relationship between the transverse strength and fibre 
volume fraction due to the complexity of the interaction between the 
epoxy matrix and fibre/matrix interface during the initiation and evo
lution of damage which was not present in the single fibre RVEs. 

3.2. RVE with fifty fibres 

In this section, first, the validity of the micromechanical FE model 
under pure transverse loading is assessed by comparison with existing 
micromechanical stress–strain experimental data of IM7/8552 UD car
bon–epoxy composite with a volume fraction of 0.6 [37,39]. Then, the 
results of the micromechanical FE simulations of RVEs of different fibre 
volume fractions have been used to evaluate the predictions of the 
transverse properties by the hybrid damage model. 

In order to point out the validity of the micromechanical FE simu
lation, the comparison between the experimental and numerical 
stress–strain curves is shown in Fig. 7-a for a microstructure with 50 
fibres and a volume fraction of 0.6. It can be observed that the numerical 
result is in good agreement with the experimental data in the prediction 
of the stiffness and the transverse strength of the RVE. When subjected to 
pure transverse loading, the failure in the RVE is steered by the 
debonding at the fibre and matrix interface. The cracks that start at the 
interface cause the matrix/fibre debonding and this debonding leads to 
severe plastic deformation and the accumulation of matrix damage in 
the damaged zone. The stress concentration in the matrix at the onset of 
failure is shown by the maximum principal stress contour plot in Fig. 7- 
b. Fig. 7-c and d show the maximum principal strain contours at the 
corresponding displacements of A of Fig. 7-a and complete failure of the 
RVE, respectively. The plastic strain localization in the matrix in the 
vicinity of the interface debonding is well predicted by the numerical 
model. For pure transverse loading, the interface failure and matrix 
damage produce a failure path perpendicular to the loading direction, 
see Fig. 7-e. It is understood that the transverse tensile strength is ruled 
by the strength of the matrix/fibre interface [35,37]. Since the objective 
of the micromechanical FE simulations was to calibrate and investigate 
the accuracy of the hybrid damage models, the results of the micro
mechanical FE simulations are not presented in detail hereafter. 

Fig. 7. The results of the micromechanical model with Vf = 0.6, (a): comparison of experimental and numerical stress–strain curves, (b and c): Distribution of stress 
and strain at Point A of the curve, respectively, (d and e): Distribution of strain and accumulative damage after the failure of the RVE, respectively. 
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Fig. 8. Generated composite microstructures with different fibre volume fractions on the left with their discretization into 2 by 2, 3 by 3, and 4 by 4 window sizes on 
the right, (a): Case-1 with Vf = 0.31, (b): Case-2 with Vf = 0.42, (c): Case-3 with Vf = 0.60, (d): Case-4 with Vf = 0.70. 

Fig. 9. (a): True stress–strain curves of the microstructure of Fig. 8 which are calculated by micromechanical FE simulation, (b): Comparison of the transverse 
stiffness estimated by the micromechanical model and the hybrid damage model. 
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The 50 fibre microstructures of different volume fractions are 
simulated by both the micromechanical FE and the hybrid damage 
model approaches. In the hybrid simulations, the RVE was studied with 
user-defined material models which were equipped with different 
analytical and semi-analytical formulations to estimate the mechanical 
properties. See Table 3 for more details on the models and Table 2 for a 
summary of the formulations to estimate the mechanical properties. 
Fig. 8 shows the reconstruction of the microstructure by using the image 
processing technique and the discretization method discussed in Section 

2.2. In this figure, the light-yellow colour indicates the location of fibres 
while the epoxy matrix is coloured green. The local fibre volume vari
ation is compared for 2 by 2, 3 by 3, and 4 by 4 window sizes for each of 
the microstructures of different total fibre volume fractions. 

The microstructures of Fig. 8 have the total fibre volume fractions of 
0.31, 0.42, 0.60, and 0.70 for Case-1, Case-2, Case-3, and Case-4, 
respectively. The scatter of the fibre volume variation is qualified by 
the window size, having a bigger range for smaller window sizes of the 
same microstructure. A significant scatter in the local fibre volume 

Table 4 
The estimation of the transverse modulus by ROM, Chamis, and Bridging formylations for the RVEs with 50 fibres and different total volume fractions.  

Model Vf E22(GPa)

Micromechanical FE model Hybrid model with windows of:    

2 × 2 Deviation (%) 3 × 3 Deviation (%) 4 × 4 Deviation (%) 

ROM  0.31  6.15  5.11  − 16.91  5.02  − 18.37  5.08  − 17.40   
0.42  7.12  5.82  − 18.25  5.79  − 18.68  5.91  − 16.99   
0.60  8.89  7.45  − 16.19  7.36  − 17.21  7.39  − 16.87   
0.70  11.17  8.63  − 22.74  8.75  − 21.66  8.73  − 21.84 

Chamis  0.31  6.15  7.26  18.05  7.19  16.91  7.2  17.07   
0.42  7.12  8.74  22.75  8.83  24.02  8.76  23.03   
0.60  8.89  9.71  9.22  9.78  10.01  9.74  9.56   
0.70  11.17  10.26  − 8.15  10.44  − 6.538  10.77  − 3.58 

Bridging  0.31  6.15  6.43  4.55  6.42  4.39  6.43  4.55   
0.42  7.12  7.55  6.04  7.76  8.99  7.69  8.01   
0.60  8.89  9.27  4.27  9.17  3.15  9.22  3.71   
0.70  11.17  12.33  10.38  12.57  12.53  12.54  12.26  

Fig. 10. (a): Comparison of the transverse strength estimated by the micromechanical model and the hybrid damage model, (b): The aggregate error of the hybrid 
model equipped with different analytical formulations for estimation of transverse strength. 

Fig. 11. Microstructure block with resin-rich uncertainty and its hybrid discretization.  
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fraction can be observed from models with different window sizes in 
Fig. 8. Unlike similar studies, the window size was not considered 
constant for different models of this study to see its influence on the 
simulation results. The correlation was discussed in [13] and a window 
size of 70 μm was suggested for the window size while here since the 
windows are not distributed randomly and the simulations were not 
performed stochastically a further decrease of the window size was 
possible. For the hybrid model, the location-based information of fibre 
volume fraction was recorded for each microstructure and used as an 
input for the user-defined material model to estimate the macro scale 

properties in each element. Then the microstructures were subjected to 
pure transverse load for the prediction of effective properties. 

Fig. 9-a shows the effect of fibre volume fraction on the stress–strain 
response of the microstructures of Fig. 8 from the micromechanical 
simulation. As expected, the transverse modulus increases with the in
crease of the volume fraction, while the failure strain decreases with the 
increase of the fibre volume fraction. The transverse moduli of the mi
crostructures were also estimated by using the hybrid damage model 
which utilized the ROM, Chamis, and bridging with β = 0.7 formula
tions, see Table 4. Fig. 9-b shows the comparison of the predicted 

Fig. 12. Scatter of the transverse modulus and strength mechanical properties.  

Fig. 13. (a): Comparison of the transverse stress–strain curve from the micromechanical FE simulation and hybrid damage model, (b): Comparison results of crack 
extension from the micromechanical and hybrid model (Case-3) at 0.7% applied strain. 

M. Rezasefat et al.                                                                                                                                                                                                                              



Composite Structures 308 (2023) 116714

13

transverse modulus from the micromechanical simulation and the 
hybrid damage model with different analytical formulations. The solid 
line in Fig. 9-b is the total agreement between the results of the two 
simulation approaches, while the band between the two dashed lines is 
the area of less than ± 10 %. Like in the case of single fibre RVE, the 
bridging formulation with β = 0.7 is the most accurate in predicting the 
transverse modulus of the microstructures with different volume frac
tions and therefore was chosen as the only equation to estimate the 
transverse modulus hereafter. 

The investigation of the transverse strength has been performed on 
the microstructures in Fig. 8. In this case, the transverse strength was 
estimated by the Chamis, modified Chamis, and Bridging models in the 
hybrid damage model. In the case of fibrous composites, the significant 
batch-to-batch variation in the transverse strength is steered by the 
fibre/matrix interface properties. Normally the failure initiates at weak 
links between fibre and matrix and increasing the fibre volume content 
may demean the transverse performance of the material by introducing 
more physical factors such as weak links, voids, and fibre waviness [44]. 
Since such weak links are not considered in the micromechanical sim
ulations of this paper, the failure is driven by the fibre/matrix interface 
properties which use a stress-based failure criterion for the prediction of 
the onset of damage. Therefore, as it can be seen from Fig. 9-a similar 
value of transverse strength is predicted by the micromechanical FE 
models of different fibre volume contents. While the transverse strength 
is similar for different microstructures, a remarkable difference can be 
observed in the failure strain of the models. Increasing the fibre volume 
leads to lower values of the failure strain in the microstructures. Similar 
results were reported in [44]. 

The results of the comparison between the micromechanical and 
hybrid damage models are shown in Fig. 10. The hybrid simulations 
with modified Chamis formulation were performed with different values 
of nt. The dashed lines in Fig. 10-a show the band of ± 10 % error and 
the solid line indicates the exact prediction by the hybrid model. In this 
regard, the points that are closer to the solid line show more accuracy. 
The total aggregate error of the different formulations is compared in 
Fig. 10-b. Based on the comparison between the two simulation ap
proaches, the modified Chamis semi-analytical model withnt = 2.5 was 
chosen for the estimation of the transverse strength hereafter. 

3.3. RVE with resin-rich variability 

In this section, the hybrid damage model is used for the simulation of 
a block of CFRP microstructure with resin-rich uncertainty which is 
shown in Fig. 11. Four different hybrid discretization cases were 
considered with different window sizes which are 1 by 2, 2 by 4, 3 by 5, 
and 4 by 8. As mentioned in Fig. 1 the scatter of the fibre volume fraction 
is used as the input of the user-defined material model at the beginning 
of the hybrid simulation. Here the Bridging model and modified Chamis 
formulation were used to estimate the transverse modulus and strength, 
respectively. Estimation of the material properties at the beginning of 
the simulation leads to a scatter of material properties in different ele
ments of the hybrid model. This scatter for the transverse modulus and 
transverse strength is shown in Fig. 12. Decreasing the window size led 
to higher variations in the scattered mechanical properties of Fig. 12. 

Fig. 13-a shows the comparison of transverse stress–strain curves for 
the microstructure of Fig. 11 up to failure. The presence of the resin-rich 
zone led to a decrease in the transverse stiffness and an increase in the 
failure strain compared to a block of the same material with a constant 
volume fraction of 0.6, see the red curve (cons.) in Fig. 13. The uncer
tainty has decreased the transverse modulus by 25.2 % and has 
increased the failure strain by 27.0 %. The prediction of the stiffness 
from the micromechanical FE simulation is in good agreement with the 
hybrid model in all cases in Fig. 11. This is due to the non-stochastic 
scheme and the use of a microstructure image of the composite in the 
simulations which resulted in the diminished influence of the dis
cretization window size. Meanwhile different results would be expected 

if the distribution fit of Fig. 4 would be used to perform the simulation in 
a stochastic manner. Therefore, by using the actual image of the 
microstructure and using the point-to-point map for the estimation of 
the mechanical properties the effect of the size of the windows on the 
discretization of the microstructure is mitigated. The comparison of 
crack extension from the micromechanical and hybrid models is pre
sented in Fig. 13-b at 0.7 % applied strain. Both simulation approaches 
predict the cracks in the vicinity of the resin-rich zones which is also 
reported in [5], also a good correlation between the crack length and 
location may be observed indicating the possible capability of the novel 
approach in predicting the failure. 

4. Conclusion 

In this paper, a hierarchical hybrid micro–macro mechanical damage 
model was proposed for the simulation of fibrous composites. The model 
works based on discretising the microstructure into a grid of windows 
and performing image processing to identify the information on the 
microstructure level. Then by using analytical and semi-analytical 
micromechanical formulations, the material properties are estimated 
using a user-defined material model in Abaqus. Therefore, the model 
does not require the solution of the micromechanical FE simulation 
which makes it computationally efficient. The micromechanical step of 
the hybrid model used a modification of Puck failure criteria to simulate 
the progressive damage in composites. The model was verified by 
comparison with the micromechanics FE simulations with RVEs of 
different volume fractions. 

The comparative results between different micromechanical formu
lations showed that the Bridging model works better for the prediction 
of the transverse modulus, while the modified Chamis model was chosen 
to estimate the transverse strength. The hybrid model was used to 
perform the simulation on a block of microstructure with resin-rich 
uncertainty and proved to be accurate in predicting the transverse 
response of the composite microstructure. The point-to-point mapping 
of the volume fraction to the estimated properties of the microstructure 
was shown to be an accurate method to investigate the resin-rich un
certainty and can be considered a useful tool for reducing the compu
tation cost for such investigations which are normally performed 
stochastically. 
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