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ABSTRACT

Carbon fibers’ exceptional mechanical properties make them the major load-bearing component of CFRP com-
posites, which are rapidly being used in modern aerospace applications. Design of multi-directionally (MD) 
laminated composite structures for specific operational load requires the exact determination and force analysis 
of 0◦-laminas and their arrangement in the lamina assembly process. The significant property variation between 
carbon fibers and matrix components indicates that the mechanical behavior of the 0◦-laminas is attributed 
largely to the fiber-bundle at the mesoscale. The elastic properties of fiber have been obtained through standard 
tests, however, many challenges are encountered in the characterization of fiber damage and fracture processes. 
In this research, a new experiment is introduced where tensile tests are performed on single edge-notch 0◦-CFRP 
composite monitored by 3D digital image correlation (DIC), to demonstrate the mechanism of deformation and 
failure and determine the exact elastic-damage properties. A hybrid experimental-computational approach is 
developed where finite element models representing the experiment, are used to obtain and validate the damage 
evolution characteristics of fibers in CFRP lamina. In addition, test and simulation results are utilized to describe 
the mechanism and mechanics of deformation and damage of the composite structure.

1.Introduction

The excellent mechanical features of carbon fiber-reinforced poly-
mer (CFRP) composites have made this material an excellent choice for 
the design of aerospace structures. Fibers are the load-bearing constit-
uent of composite materials, which are subjected to various damages, 
including cracking, shearing, or buckling phenomena [1,2]. Therefore, 
mechanical characterization of the unidirectional (UD) lamina in the 
fiber direction (0◦-lamina) is an important matter to predict the yielding 
and strength limit of the composite for design issues of composite 
structures. In continuum damage mechanics [3,4], the required prop-
erties to address UD lamina behavior in the 0-direction include elastic 
modulus, strength, fracture energy, and failure strain variables. In 
practice, the elastic properties of 0◦-lamina have been extracted using 
standard test methods by simple tensile tests [5,6], however, many 
challenges are encountered in obtaining the fracture behavior of UD 
composite, including the illustration of the mechanism of damage 

process, determination of fracture energy, and also failure strain limit. In 
this regard, the standard test method to obtain the translaminar fracture 
toughness of laminated composites indicates the validity of the test only 
for laminates that produce a small damage zone [7], while fiber fracture 
events normally occur on a large scale and at a glance. Many of the 
previous investigations indicated that the translaminar fracture testing 
to obtain 0◦-lamina fracture energy is not yet mature, and the experi-
mental scenarios are challenging to conduct [8,9]. The use of cross-ply 
specimens is also practiced for testing, which reduces the accuracy of 
the results by including the effect of angle laminas in the measured data 
[10]. When a more detailed examination of a single carbon fiber is 
conducted, it becomes quite intriguing to note that its critical strain 
energy release rate can be exceptionally low, estimated at a mere 7.4 
J/m² [11]. However, within a composite material, this condition un-
dergoes tremendous modification. A significant part of the strain energy 
is dissipated during composite failure [12]. This energy release is 
strongly related to processes such as fiber-matrix debonding and the 
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subsequent pull-out of individual fibers, which is revealed on the frac-
ture surface [13,14]. Collectively, these factors contribute to ply-level 
fracture toughness that is more than three times greater than that of a 
single fiber. When a compressive loading is applied in the fiber direction, 
the possible failure will be in two ways: shear-driven fiber failure or fiber 
kinking. The precise form of failure seen is determined by elements such 
as the existence of shear loads, which might occur as a result of localized 
fiber misalignment. Shear failure causes bending ahead of the fracture 
point, which eventually results in fiber kinking failure [15,16].

An intralaminar crack occurs entirely within a single ply, usually 
parallel to the fibers. It can be caused by a variety of factors, including 
fiber breakage, matrix cracking, and fiber-matrix debonding. Interlam-
inar cracks, as opposed to those that occur within a single ply, occur 
between the plies. They are essentially layer separations that are 
frequently caused by shear stresses, impact damage, and defects in 
production. Translaminar cracks, on the other hand, penetrate the whole 
thickness of the laminate, potentially initiating an intralaminar or 
interlaminar crack and propagating through several plies. The fracture 
surface produced by intralaminar matrix cracking that grows longitu-
dinally emphasizes that the estimated toughness of such failure modes is 
close to that of their interlaminar counterparts [17,18]. The critical 
strain energy release rates correlated to such failures are inherent ma-
terial features that necessitate extensive characterization to fully 
comprehend the damage tolerance of the material system under inves-
tigation. The primary focus in the characterization of translaminar 
fracture is on toughness measurement of multidirectional laminates 
made from UD or 2D woven composite material structures [19,20]. In 
such conditions, the determined toughness is influenced by the lay-up 
configuration and results from a large number of constituent plies 
failing in combinations of the aforementioned failure causes. Only those 
tests associated with compact tension, three/four-point bending exper-
iment, and extended compact tension tests show stable crack propaga-
tion in the samples among the numerous specimen configurations used 
in the literature [21�23]. Crack growth stability is crucial for generating 
resistance curves (R-curves), which track variations in the critical strain 
energy release rate as damage evolves. Compact Tension (CT) is exten-
sively used for assessing translaminar fracture toughness in composite 
materials. This configuration has been widely employed for character-
izing laminates comprising a diverse range of materials, including car-
bon/epoxy, carbon/carbon, carbon/PEEK, and boron/aluminum. A 
common approach for data analysis involves calculating the critical 
stress intensity factor, KIc, following the ASTM E399 guidelines for 
metallic materials [24]. Nevertheless, it�s important to note that these 
attributes, which are dependent on the lay-up, have limited practical 
utility since they don�t capture intrinsic material qualities. Several 
studies introduced the concept of an intrinsic material property known 
as KIc0, which represents the fracture toughness of the 0�-lamina within 
a composite laminate, irrespective of the lay-up configuration [25,26]. 
This concept draws from classical lamination theory, where the stress 
endured by the 0�-lamina in a laminated composite (�0c) is related to the 
applied stress on the laminate (�c) through the layer elastic property. 
Notably, this same parameter connects KIc and KIc0, underscoring that 
KIc0 is indeed an intrinsic material attribute. In order to determine the 
fracture toughness related to translaminar tensile and compressive 
failure modes, researchers have employed diverse methods and spec-
imen configurations. These studies have yielded invaluable insights into 
the behavior of composites subjected to various loading conditions [27].

The 3D Digital Image Correlation (DIC) method is included as one of 
the new advancements to the known 2D DIC, highlighted with addi-
tional features such as the ability to characterize composites using full- 
field measurement of deformation and strain with precision at the 
micro-level [27]. This is due to the difficulties in manufacturing of FRP 
composite structure through prepreg layup, Towpreg fibre winding, or 
even automated fibre placement by robots, etc., which creates the 
composite surface very rough with meso‑scale 3D bumps, resulting in 
imprecision when 2D DIC is used to measure deformation and strain at a 

specified surface. On the other hand, 3D DIC uses two cameras [28] with 
specially adjusted parameters to capture and resolve the error of surface 
roughness, and provide accurate measurement of the strain field on the 
composite surface [29].

Literature study highlights the lack of research and technical diffi-
culties in the determination of fracture properties of 0� CFRP lamina, in 
which the limitation of the standard method for full characterization of 
UD lamina properties is discussed. Considering the gap of study in the 
proper determination of fiber-bundle properties in the form of the 0�- 
FRP lamina in elastic to damage states, this study aimed at using 3D DIC 
system capability to capture the true strain field at the surface and 
around the notch tip of specially prepared CFRP laminate specimen, to 
record/measure the mechanism of deformation to fracture of the CFRP 
composite. The DIC result, along with the experimental data of the CFRP 
composite structure subjected to tensile load, are used to explain the 
complex behavior of the structure and illustrate the mechanism of 
composite deformation before the fracture state, which is later used for 
the measurement of fracture energy and failure parameters of 0� CFRP 
lamina. Using the proposed experimental-numerical approach, vali-
dated FE models of the experimental cases are employed to examine the 
accuracy of the mechanical properties, including the fracture energy 
parameter, which led to full characterization of the 0�-FRP lamina. In 
addition, this innovative approach and results provided an insight into 
the mechanics of deformation and the mechanism of damage of 0�-CFRP 
composite. It is concluded that the method can be applicable to char-
acterize other fibrous composites where the mechanical behavior of the 
structure is dependent on reinforcement constituents and their 
arrangement in the composite system.

2. Continuum damage mechanics of 0�-lamina failure

The 0�-lamina is treated as an equivalent orthotropic ply with greater 
mechanical properties in the fiber direction. The constitutive model 
response of the composite material at the local point is represented by a 
bilinear softening law for fiber fracture damage mode, as depicted in 
Fig. 1. In this model, the elastic properties and strength could be ob-
tained using a standard test [28], while the fiber fracture energy (GCF), 
deformation and fracture, and the damage softening form could poten-
tially be determined using the DIC method.

Considering lamina behavior on fiber direction, the stress-strain 
behavior within the elastic regime could be determined using ortho-
tropic Hooke�s law [29], while damage initiation is predicted using a 
quadratic relation [14]: 
�
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where �f
eq is the equivalent displacement computed at failure, while the 

variables �o
ij, �o

ij, and �o
ij are the effective stress and strain values in the 

lamina at the onset of damage, used to compute the maximum 
displacement before failure or cracking. The stress and strain data are 
generated at the unit volume of the material subject to deformation. The 
value of energy, GXT

C determining critical deformation at fracture plays 
an important role in the estimation of the lamina fracture, which is 
difficult to obtain correctly for fiber direction. The fracture energy value 
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is computed based on the area under stress-equivalent displacement 
(unit strain) through the elastic to full damage process, equal to the 
energy required for a material point to undergo cracking phenomena.
An important topic is to define and determine the energy terms in 

fracture and damage mechanics. In general, cracking and fracture phe-
nomena in material local points are specified as the result of energy 
exceeding the critical value. Many terms have been used to quantify the 
cracking process, including strain energy release rate, fracture energy, 
and fracture toughness [30], etc. The energy that is dissipated per unit 
cracking surface area through the fracture process is called the strain 
energy release rate. In energy equilibrium, the energy that is contributed 
to a crack to further grow is balanced by the amount of dissipated energy 
caused through the formation of new surfaces. In this respect, the strain 
energy release rate, G is formulated as: 

G=−
∂(U−V)
∂A

(
J
/
m2=0,001N

/
mm
)
, (3) 

where U is the potential energy available for crack growth, while V and 
A are the work related to any external forces acting on the crack regions.
Fracture energy, GC is defined as the critical value of strain energy 

release rate, in which, if exceeded, the crack grows (G≥GC).
Empirically, fracture energy is considered the material property that 

is independent of the geometry of the structure and the applied loads 
and boundary conditions. In continuum damage mechanics, the fracture 
energy parameter is used to trace the softening behavior and predict the 
mechanism of damage evolution of the material (refer to Fig. 1). Frac-
ture energy of quasi-brittle materials can be obtained by determining the 
local deformation of materials at fracture, or by a fracture mechanics 
approach [31]. Therefore, the estimation of the fiber fracture energy, 

GCF is considered through the calculation of the stress intensity factor.

3.The 3-dimensional digital image correlation (DIC) method

In image processing techniques, the DIC method is capable of 
generating full-field measurements of displacement and strain. Intro-
duced in the 1980s, the DIC method has gained popularity to find 
application in a broad range of scientific fields, from engineering to 
medicine and mining [32–34]. The DIC method has also been applied to 
investigate the failure of composite materials under different loading 
mechanisms [35–37]. In the following section, the description of a novel 
3D DIC setup used in the present work, as well as a brief review of the 
fundamental theory, is presented.
The principle of the 3D DIC approach is to look for the maximum 

correlation within a small area (so-called subsets) at the surface of a 
specimen in the undeformed (or reference surface) and deformed states 
[64] (Fig. 2a). Subsequently, the algorithm makes a comparison be-
tween the deformed and reference states and calculates displacements 
and strains using an image-matching rule. A straightforward image- 
matching process as the “cross-correlation” technique, produces the 
(in-plane) displacement fields u(x,y) and v(x,y) by matching different 
areas of the two pictures. Fig. 2b shows the test sample with applied 
speckles for image processing to calculate the cross-correlation 
coefficient.
A constant displacement rate of 0.5mm/min was applied to the 

specimen using a universal Instron machine (Instron MA US) of 100kN 
Capacity. During the experiment, two charge-coupled device (CCD) 
cameras (Basler PiA2400–17gm) were mounted horizontally below the 
illumination of a high-intensity fiashlight and adjusted to monitor a field 
of interest on the sample’s surface that was painted with standard 

Fig. 1.The bilinear elastic-softening constitutive model based on equivalent mixed-mode stress-displacement in UD FRP lamina subject to load in any in- 
plane directions.

Fig. 2.(a) Experimental and DIC system setup, (b) test sample with applied speckles for image processing.
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speckle. The two cameras were placed at a 40 cm distance from the test 
coupon and with a stereo angle of 15� The camera�s resolution was 
2456 � 2058 Pixels (having 8-bit digitization for grey levels), while a 
0.00345 mm/pixel length-pixel ratio was considered for the imaging 
system. For this test, the CCD cameras were set vertically to the plane 
(field of interest) of the sample while taking images at a speed of 2 
frames/second. The specimen surface was kept in the same plane par-
allel to the CCD camera during deformation and loading [38]. The sys-
tem setup was calibrated to transform the image position on the CCDs of 
two cameras of a specimen surface point to the corresponding co-
ordinates of that point. The calibration procedure aims to set the 
intrinsic parameters for both cameras of the imaging system, as well as 
adjust the external position and orientation of the cameras concerning a 
global coordinate system. In this work, CorelliSTC software (Holo3, 
France) was employed to compute local deformations and strains by 
using the images collected in the testing program.

4. Material and methods

4.1. Material and experiment

Five samples with single edge-notch configurations made of UD 
CFRP composite with [0]6 lay-up are made and used for the experiment. 
The average sample dimension is listed in Table 1. The samples are 
fabricated according to ASTM standards [7] with a 5 mm edge-notch 
length. The test was controlled by a 0.5 mm/Min displacement rate 
until full failure. The structural response is recorded as a 
load-displacement curve and used to obtain the properties of the com-
posite. A 3D DIC system is used for full-field measurement of displace-
ment and strain of the CFRP composite surface. The result is used to 
measure the strain field around the notch tip and estimate the unit 
deformation of fibers at the final fracture. The fiber fracture energy is 
then calculated using the deformation at fracture based on the damage 
mechanics concept.

4.2. Finite element modelling

In the computational work, a systematic approach is taken to develop 
three different finite element (FE) models and to highlight the study�s 
aim in determining the fracture energy and features of the fiber bundle 
in the form of FRP lamina. In this regard, FE models with three different 
configurations were systematically generated in the commercial soft-
ware ABAQUS/Implicit, as shown in Fig. 3a-c. Model-1 was developed 
as a plain FRP lamina with gripping, in which the dimensions were 
similar to the experimental sample (refer to Table 1), and the notch was 
not considered. Model 2 was generated similarly to the experiment. 
Model-3 was created based on a single edge-notch composite, however, 
the material part along the notch was removed. The length and thickness 
of each model were the same as the experimental test according to ASTM 
standards [5,6]. The deformable 3D shell element (SC8R: 8-node 
quadrilateral in-plane continuum shell) was used to model the lamina, 
and a rigid 3D element (R3D8 element) was assigned to the gripping 
area.

Fig. 4a shows the mesh configuration of the samples, indicating 
higher mesh density in the sample gripping area (tab region) as well as 
the notch area, enabling accurate mechanical variables in stress con-
centration zones. To ensure the accuracy of FE model results, indepen-
dent of the mesh density with minimized element size error, a mesh 

convergence study was performed on the model with elastic-damage 
definition. Two parameters, including measured von Mises stress at 
the material point, as well as strain energy of the whole structure, are 
computed in the model with different mesh densities, as shown in Fig. 4b 
This enables minimizing the element size error at the material level as 
well as the global structural response. Computed results signify that a 
mesh density (element number) of 10,000 provides accurate results with 
minimized error of <0.5 %; however, this study utilized the FE models 
with mesh density over 22,000, enabling greater resolution for localized 
phenomena, as recommended elsewhere [29]. To apply the boundary 
condition, one end side was fixed vertically and two plane rotational 
degrees of freedom (free to move in the width direction), and the other 
side was under displacement rate until fully ruptured following the load 
and boundary condition during the experiment. The applied loading rate 
was equal to the experiment (0.5 mm/min). To avoid matrix damage 
and grip indentation in the gripping area, which was observed in 
experimental tests, a GFRP tab was used in those regions. An orthotropic 
model was considered to model elastic behavior and for the prediction of 
failure mode and material degradation. Hashin�s continuum damage 
mechanism was applied to the lamina specimens.

4.3. Hybrid experimental-computational approach

The flowchart of the methodology is illustrated in Fig. 4. The 
research methodology is developed based on a hybrid approach that 
links the experimental data and computational findings to explore the 
internal behavior of the composite specimens obtained through 3D FE 
simulation.

A 3D DIC equipment eliminating the mesoscale roughness of the 
CFRP composite to measure accurate data of fiber damage evolution in 
the form of linear-nonlinear strain variation was used along with the 
mechanical testing to provide insight for mechanical characterization 
and explain the damage behaviour of 0�-CFRP composite lamina. Three 
different FE models were developed to predict the internal mechanical 
behavior of the test sample, as well as to assist in the accurate estimation 
of the carbon fiber properties in the form of CFRP lamina. The approach 
is used to validate the model and simulation process and confirm the 
validity of the elastic and damage properties of the composite obtained 
in the study. Two verification steps are defined; first, elastic properties 
are validated through a comparison of experiment and simulation re-
sults, and then the damage properties are verified by experimental data, 
in which significant help from DIC data to ensure the accuracy of the 
data is highlighted.

5. Results and discussion

5.1. Mechanical behavior of single edge-notch FRP lamina structure

To understand the mechanisms of deformation and damage process, 
the results of the experiment in terms of the load-displacement curve are 
illustrated in Figs. 5 and 6, which indicate three distinct stages with 
different structural behaviours. Fig. 5 shows a schematic representation 
of the load-displacement signature of the single edge-notch composite 
sample under tensile loading conditions, while Fig. 6 presents the data 
obtained during the experiment. Two distinct magnitudes of stiffness are 
observed, including an elastic stiffness up to 6 % structural deformation, 
where no matrix crack occurred (Structure stiffness; kS), and the second 
is when the matrix crack occurs at the notch tip and propagates 

Table 1 
The geometry of the single edge-notch specimens.

Specimen Dimension, mm U-Notch Dimension, mm Tab, mm

Thickness Width Length Length Width Tip Radius Thickness Length

0.89 15.05 235.79 5 1.11 1.05 1.03 55.32

S.S. R․ Koloor et al.                                                                                                                                                                                                                            Forces in Mechanics 21 (2025) 100337 

4 



vertically toward the specimen length (Beam stiffness;kB). In the second 
part, the matrix crack grows, and the single edge-notch specimen is 
converted to a simple beam under tension loaded up to full failure.
To better understand the overall deformation response of the single- 

edge notch sample during the tensile test, the experimental results, in 
terms of the load-displacement curve and the corresponding damage 
state of the CFRP composite, captured by 3D DIC at various load levels, 
are shown in Fig. 6(Top). In this plot, the specimen reaction force data 
were measured by the testing machine, while the displacement data are 
directly obtained from the DIC measurement, enabling to definition 
exact displacement state corresponding to the contour plot of defor-
mation and strain by 3D DIC, as shown in Figs. 6(Middle, Bottom). It 
should be noted that the deformation value of the sample measured by 
the testing machine is an overall displacement of the sigle edge-notch 
composite structure, which has been presented in Section 5.4for a 
comparison to FE results. When the loading started, the structure 
behaved in an elastic manner up to ≈0.26 mm. An image of the defor-
mation and strain field at the displacement below 0.05 mm (within first 
stage) was shown in Fig. 6(Middle, Bottom), indicating a small amount 
of applied load, caused homogeneous distribution of deformation 

(concerning notch area) and a constant strain distribution along the 
structure, however, by increasing the load to the second stage, the 
contour of deformation and strain at the critical region (0.5 mm 
displacement) shifted toward the tip of the notch with a crack that 
propagate vertically along the sample length (deformation distribution 
follows the crack path). Subsequently, applying a higher load results in 
the crack propagating further in both up and down directions (3rd image 
of strain field at 3.8 mm displacement, within stage 3), which upsets the 
deformation field to vary too. At ≈4 mm displacement, with fully grown 
cracks along the sample length, the deformation field in the remaining 
part of the sample is distributed as a normal beam under tensile load. 
Eventually, the sample failed due to fiber rupture at the average 
displacement of 4.2 mm (DIC measurement).
It can be concluded that, three main stages/regions with different 

mechanical behaviours were determined based on the structural defor-
mation states of 0–0.26, 0.26–1.6, and 1.6–4 mm. Within the elastic 
regime as the first region, the intact specimen carried load with higher 
structural stiffness (orange dashed line, Fig. 6Top), which was disrupted 
due to a vertical crack growth at the notch side. The second region is 
where stress accumulated in the crack tip and maximum strain was 

Fig. 3.(a) Finite Element models; tensile sample with gripper tap (Model-1), sample with a single edge-notch according to experiment (Model-2), and sample 
without the notch (Model-3), and (b) mesh convergence study: results of stress value at material point and strain energy of the structure 0.4 mm tensile deformation.
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observed with two distinct crack propagations (displacement of 0.26 to 
1.6 mm). As the load was applied further, these cracks were gradually 
and vertically propagated, causing the sample to convert from a notch- 
to-beam structure, and the accumulation of stress switched to the middle 
of the beam specimen, with higher shrinkage in cross-sectional area 
leading to fiber fracture at the middle of the sample. Such mechanical 
behavior could also be detected by monitoring the deformation field 
using 3D DIC measurement, as shown in Fig. 6(Middle). Deformation 
variation along the y-axis of the sample (along loading direction) 
highlights the conversion of a single edge-notch sample to a beam with 
shorter width.

5.2.Advantage of the DIC method over the conventional approach

In order to highlight the advantage of DIC over the conventional 
method, and also justify the accuracy of the 3D DIC technique, a strain 
gauge was mounted on the opposite side of the specimen (where was 
used for DIC measurement was used), and used to measure the strain 
variation during the tensile test, along with the strain measurement by 
3D DIC. Fig. 7compares the strain vs. time curves of DIC and strain 
gauge indicating similar trends and values (which serve as evidence for 
the validity and accuracy of the DIC data), however, the strain gauge 
data was recorded up to 285 s, where the strain gauge reached its 
maximum expansion and failed. Detailed information on strain variation 
was captured by DIC during the elastic regime (up to 60 s) due to the 
point-to-point focus of DIC, while strain gauge data provides average 

Fig. 4.Flowchart of the hybrid experimental-computational approach.
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data beneath the gauge. The advantage of DIC data is clear due to the 
provision of long-range data from elastic to damage and full failure that 
could potentially be used to determine the exact value of stress to 
determine the stress-strain behaviour.

5.3.The use of 3D DIC data to determine material properties

The 3D DIC measurement was used to monitor the deformation 
variation of the sample at the width (and cross-section) of the sample in 
the notch site, as shown in Fig. 8(spackled specimen image on the right 
side). Two points (red dots) on the right and left of the notch cross- 
section were selected, and the speckles were traced over time 
(Fig. 8a). A path between the red dots where also selected to trace the 
deformation of the sample, as shown in Fig. 8b Fig. 8a shows the dis-
placements of the points as the structure was loaded upward to the full 
failure stage. The right point has a positive displacement, whereas the 
left point shows the displacement in a negative sign, indicating further 
loading of the crack tip side, causes the cross-section to shrink with the 
appearance of micro necking at the same site. Both points show a similar 
nonlinear rate of displacement growth, indicating an approximate 
occurrence of localized damage when a sharp change in displacement 
growth rate is seen. Fig. 8b shows the reductions of width and cross- 
section of the specimen at the notch area, which are nonlinearly 
increased as the structure is loaded further to the failure stage. It is 
worth mentioning that, the use of 3D DIC measurement in detail/ac-
curate data collection would significantly help in the analysis of the 
mechanism of deformation in structures with complex geometry.
It can be seen that the rate of reduction in cross-section is higher than 

the width area. More importantly, the final value of the cross-section 
was used to determine lamina strength, which was determined to be 
2003.5 MPa.
Fig. 9a shows the vertical displacement of the selected points along 

the specimen length with different original lengths of 2, 10, and 18 mm 
during the loading. The purpose of this study was to verify the accuracy 
of the extracted strain from different points through the DIC technique. 
The figure shows acceptable results obtained from this method, and it 
could be a good guideline for calculating the strain from this method. 
Fig. 9b shows the determined modulus of elasticity along the 

longitudinal direction of the test samples. The average longitudinal 
Young’s modulus of UD CFRP composite with [0]6 lay-up is 78 GPa. 
Moreover, Fig. 10b shows that the calculated longitudinal Young’s 
modulus with 10 mm and 18 mm returns a more stable value. Based on 
the Saint-Venant principle, the value of elastic modules should be taken 
from a point that is far enough (distance) from the critical region. The 
results of 12 and 18 mm points are converged; therefore, it can be said 
that after 12 mm from the crack tip, the results are more reliable.
Fig. 10a shows damage factors based on Hashin’s damage model in 

strain-based form. The strain values were measured by the 3D DIC 
method and used in the calculation of the damage factor. The damage 
factor of fiber under tensile load, dtf can be calculated using a simplified 

form of Eq. (1), based on strain (by neglecting the effect of shear stress 
(τ12=0) as the CFRP specimen prepared having zero degrees, caused 
minimum shear strain subjected to tensile load) as: 

dtf=
ε̂11
εTf

(4) 

where ε̂11 is the applied strain, and the maximum strain of fiber under 
tensile, εTf was obtained 0.015 (see Figs. 7 and 10a), which in theory is 
the strain at the damage initiation state. Fig. 10b shows the maximum 
unit deformation for displacement at failure, δfeq (Eq. (2)) using DIC data. 
Unit deformation indicates deformation at an element with a unit 
dimension (representing a unit strain value), measured by monitoring 
displacement at two points (red dot in sample image, point 1 at top). By 
using this value taken from the DIC method, the fracture energy can be 
calculated using Eqs. (2) and 3. The calculated fracture energy in this 
study is 31 N/mm. Table 2lists the average value of mechanical prop-
erties obtained from the test using DIC data, indicating <1 % deviation.

5.4.Prediction of the mechanical response of 0◦single edge notch CFRP 
composite laminate

Using the proposed hybrid experimental-computational method (see 
subSection 4.3), the material characterization of the 0◦-UD CFRP com-
posite ([0]6 lay-up) was established using a unique single edge- notch 
sample, mechanical testing assisted with a novel 3D DIC measurement, 

Fig. 5.Schematic representation of the load-displacement signature of the single edge-notch UD composite laminate under tensile loading conditions.
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along with a data provided from three FE models covering different case 
scenarios of the composite sample with various structural feature, to 
evaluate the tensile behaviour of the composite. Material properties of 
CFRP lamina were obtained (Table 2) and used in all the simulation 

processes. Fig. 11shows the results of three different FE models (refer to 
Fig. 3, also explained in the fiowchart shown in Fig. 4) and compares 
them with the average result of the experimental. It should be noted that 
the average experimental data is the actual data obtained by the testing 

Fig. 6.Load-displacement response of a single edge-notch UD 0 CFRP composite under tensile loading (Top), and mapping 3D DIC vertical deformation (Middle) and 
horizontal strain (Bottom) contours based on different states of displacement of 0.05, 0.5, and 4 mm.
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machine, in comparison with the FE models that were built up exactly 
similar to the load and boundary conditions during the test.
As can be seen in Fig. 11, Model-1 represents the specimen without a 

notch and shows that the specimen in pristine condition has a large 
average stiffness of 8 kN/mm. Model-2 was developed to predict linear- 
to-nonlinear structure behavior in the stage one to stage 2 transition 
(shown in Fig. 6), where the material behaves within the elastic regime 
and goes into damage phenomena with two distinct vertical matrix 
cracks at the notch site. Results of Model-2 in terms of load-displacement 
response show an accurate prediction of the structure’s behavior with 
<2 % error throughout the test. Mode-3 was used to predict the struc-
tural behavior in stage 3 when the structure switched to a beam sub-
jected to a tensile test (refer to Fig. 6) while examining the fracture 
properties and behavior. In this regard, this model was run for two cases, 
first with the fracture energy of fiber obtained in this study (31 N/mm, 
Table 2), and also with the fracture energy parameter reported for the 
same material in the literature (81.5N/N/mm, [39]). Results in terms of 
load-displacement curve of the specimen at fracture state are shown in 
Fig. 11 (right, top), named as “FEM Mode-3E31” and “FEM 
Mode-3E81.5”. The mechanical properties obtained through DIC 

provided precise predictions of the 0◦-CFRP composite failure. It should 
be noted that this effect may seem small in the prediction of UD lamina, 
however, the error will get much higher in complex structures with 
multidirectional orientation and a complex fiber failure at different 
layers [14].
Another interesting result is to illustrate the variation of the struc-

tural stiffness that is affected by different states of internal damage in the 
structure. Such results are measured experimentally and also by 3D 
simulation, as depicted in Fig. 12. In this regard, a precise prediction of 
the test data confirms the validity of the FE model as well as the accuracy 
of the data obtained through this study. Structural stiffness of the beam 
structures (Models 1 and 3) shows a linear variation from the beginning 
to failure states (4 to 7 % changes), for example, from 8.25 to 7.9 kN/ 
mm in Model-1 (5.8 to 5.4 kN/mm in Model-2). This indicates the ma-
terial linear response affected by the structural deformation. It is worth 
mentioning that the existence of the notch reduces the structural stiff-
ness up to 30 % (8.1 to 5.7 kN/mm at 2 mm displacement). It is worth 
mentioning that, prediction of the structural stiffness in certifying the 
accuracy of the damage model and material properties is often more 
important compared to the load-displacement curve due to the 

Fig. 7.Comparison of the continuous strain variation at the center side of the CFRP composite specimen measured by 3D DIC and strain gauge (left: specimen 
installation and points for data collection).

Fig. 8.Effect of the width and cross-sectional reduction for the notched specimen over the testing time.
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refiection of stiffness response by damage phenomena and formation of 
complex structural deformation.
It can be inferred that the experiment data and internal FE simulation 

analysis of the model confirmed three-stage stiffnesses that are changed 
based on elastic-to-damage behavior of the structure, which could be 
distinguished by structural deformation ranges of 0–0.26, 0.26–1.6, and 
1.6–4 mm (Fig. 12, red vertical dashed line). In the first stage, the single- 
edge-notch structure behaves elastically, while the second stage is 
dedicated to notch cracking in terms of vertical matrix failure, which 
changes the structure from a single-edge-notch to a low beam structure. 
In stage 3, stiffness changes are followed by Model-2 confirming the 
structure to behave as a beam element, enabling the data to be used for 
material characterization. Results of the FE model provided sufficient 
information through internal analysis and realization of the structure’s 
behavior in the experiment.

6.Conclusions

This research contributes to developing a new experimental- 
computational approach to elaborate on the mechanics of deformation 
and the mechanism of damage in a specially prepared UD 0◦-CFRP 
laminated composite while characterizing its mechanical properties 
through elastic-damage behavior. It is shown that, the low intrinsic 
characteristics of the matrix in CFRP lamina, in comparison to the 
significantly higher properties of the fibers, resulted in the 0◦-lamina 
properties being predominantly determined by the properties of the fi-
bers. The determination of the elastic characteristics of fibers has been 
achieved using standardized testing methods. However, numerous 
challenges have been faced in the characterization of fiber damage and 
fracture processes. This study involves conducting a tensile experiment 
on a single edge-notch 0◦-CFRP composite lamina. A novel 3D DIC 
equipment is employed for real-time monitoring of the deformation field 
at material local points (indicating the fiber behavior), to observe and 
analyze the strain variation and failure mechanisms during the experi-
ment. A methodology in the form of a hybrid experimental computa-
tional approach is proposed that provides insight into the mechanism of 
deformation and damage of the composite structure. This approach in-
volves the creation of a validated FE model to simulate the test case, as 
well as additional cases of an innovative FE model, in support of 
explaining the mechanical behavior of the real composite sample. The 
results of the model are then utilized to derive and authenticate the 

Fig. 9.(a) The vertical displacement of the selected points with different original lengths, (b) the longitudinal modulus of elasticity of UD CFRP lamina.

Fig. 10.(a) Variation of strain at the center of the specimen and its corresponding damage factor, (b) the unit deformation for displacement at failure.

Table 2 
Mechanical properties of 0◦-CFRP composite lamina obtained through experi-
ment and the use of 3D DIC data.

Elastic 
Modulus

Fiber 
Tensile 
Strength

Fiber Tensile 
Fracture 
Energy

Displacement at 
Damage Initiation

Displacement at 
Failure

78.5 GPa 2003.5 
MPa

31 N/mm 0.0253 mm 0.031 mm
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damage evolution factors in the fiber bundle in the form of CFRP lamina. 
The hybrid approach successfully enables obtaining the elastic and 
damage properties of the lamina in the fiber bundle, recommending a 
single test combined with the 3D DIC method and FE models in deter-
mining the full behavior of 0◦-FRP composite lamina. Validated FE data 
by experiment, distinguished three stages of structural stiffness and 
behaviors within 0–0.26, 0.26–1.6, and 1.6–4 mm structural deforma-
tion, which was used to determine the elastic to damage properties of the 
CFRP lamina. Emphasis is given to the use of the test, DIC analysis, and 
FE approach in the characterization of any 0◦-FRP composites.

6.1.Recommended future study

A validated mechanical characterization of laminated composites is 
essential to the design of composite structures for aerospace applica-
tions. As future research, a similar approach to what is developed in this 
research could be effectively utilized in the characterization of FRP 
composite in different orientations subjected to tensile and compressive 

loads, as well as shear loads. In addition, the usage of 3D-DIC in 
capturing the effect of surface meso‑scale roughness in deformation and 
strain variations of composite structure subjected to external loads, 
especially when the structure is fabricated using different 
manufacturing methods (e.g., automated fiber placement or resin 
transfer molding) that cause various degrees of surface roughness, is a 
very important topic to be investigated. Moreover, the current approach 
could be utilized in mechanical characterization using residual testing of 
composites that were exposed to preloads such as fatigue, impact, or 
even heat and environmental conditions.
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