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Abstract. The degradation of the elastic properties of composite laminates with intralaminar 
cracks is caused by reduced stress in the damaged layer which is mainly due to two parameters: 
the crack opening displacement (COD) and the crack sliding displacement (CSD). In this paper 
these parameters are measured experimentally providing laminate stiffness reduction models 
with valuable information for validation of used assumptions and for defining limits of their 
application. In particular, the displacement field on the edges of a [0/ +704/ -704]s glass 
fiber/epoxy laminate specimens with multiple intralaminar cracks is studied and the COD and 
CSD dependence on the applied mechanical load is measured. The specimen full-field 
displacement measurement is carried out using ESPI (Electronic Speckle Pattern 
Interferometry). By studying the displacement discontinuities, the crack face displacements 
were measured. A comparison between the COD and the CSD (for the same crack) is 
performed. 

1. Introduction 
Composite materials have found usage in many industrial applications and more recently they are 
increasingly being used in aerospace panels and airframes. The use of composites in the aerospace 
industry is justified by their excellent specific modulus and strength (referred to the property divided 
by the density). 

When a composite is loaded in tension with increasing load it will eventually fail 
(macroscopically). The failure is preceded by initiation and evolution of several microdamage modes. 
On the microscale, a part of the matrix can fail, fibers can fail and there can be fiber/matrix interface 
debonding (Figure 1a). On the mesoscale, the first mode of damage is usually intralaminar cracking in 
off-axes layers with respect to the main load component (Figure 1b). These cracks run parallel to 
fibers in the layer with the crack plane being transverse to the laminate midplane. Intralaminar cracks 
do not usually cause the final failure of a laminate, but may significantly impair the effective 
properties of the composite and serve as a source for other damage modes initiation, such as 
delamination and microcracking in the adjacent plies (Figure 1c). Due to this kind of microdamage 
(transverse crack) a composite undergoes stiffness reduction when loaded in tension.  

Many theoretical analytical and numerical models have been developed to calculate the reduced 
stiffness [1-7]. The opening and sliding of crack surfaces reduce the average strain and stress in the 
damaged layer, thus reducing the portion of the load carried by this layer. It results in reduction of the 
laminate thermo-elastic properties. In several papers [1,3-7] the COD and CSD have been analyzed in 
the context of stiffness reduction. All of them are based on idealized assumptions, for example, 
assuming linear elastic material behavior even in high stress concentration region at crack tip as well 
as linearity in shear loading and assuming idealized geometry of these cracks which would not change 
during the service life [2].  
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Figure 1. Example of damage modes in composites. 
In a linear model these quantities are proportional to the applied load and, therefore, the COD and 

CSD should be normalized to be used in stiffness modeling. The effect of material properties on the 
normalized COD was studied experimentally using optical microscopy of loaded damaged specimens 
in [3,4]. It was shown that the measured COD profiles and average values are affected by the 
constraining layer orientation and stiffness.  

To establish the link between the damaged laminate thermo-elastic constants and the microdamage 
parameters (COD and CSD) a theoretical framework studies was developed in [1,5]. It was shown that 
the details of the relative displacement profile along the crack surface are not important: only the 
average values of these quantities enter the stiffness expressions directly. 
The effect of geometrical parameters and properties of the surrounding layers on the COD and CSD 
was studied using FEM in [1,5]. Analysis revealed that only two parameters are of importance for the 
normalized average COD and CSD: the modulus ratio of the cracked and the support layers in 
direction transverse to the crack and the ratio of their thickness. Based on this analysis simple 
empirical relationships (power laws) were suggested. 

The COD and CSD dependence on crack density was analyzed theoretically in [6] and studied 
using FEM in [7]. It was shown that if the crack density is high the stress perturbations of two 
neighboring cracks interact and the average stress between cracks at the given applied load is lower. It 
means that the COD and CSD of interacting cracks are smaller than for non-interactive cracks.  
All these studies and analyses assume a linear elastic material with idealized geometry of cracks. The 
only correct way to validate these assumptions is through experiments. To study experimentally the 
COD and the CSD, the full-field measurement technique (ESPI) [8,9] was used in this work. 

The main objectives of the present study are to visualize the displacement field on the edge of a [0, 
+704, -704]s Glass Fiber/Epoxy (GF/EP) laminate specimen with multiple transverse cracks and to 
analyze the crack opening displacement dependence on the applied mechanical load. Using the 
displacement map, it is possible to obtain the displacement profiles along the tensile-axis. The 
different profiles drawn along the specimen edge at several distances from the mid-plane correspond 
to the different plies. By studying the displacement discontinuities, we can measure the crack opening 
displacements corresponding to the cracks in the measurement field. A comparison between the COD 
and the CSD (for the same crack) is given in this paper.  

2. Experimental technique and material 

2.1. Experimental technique: ESPI 
The principle of ESPI is based on the interference of two coherent laser beams: reference beam and 
observation beam. For in-plane (x-z plane) measurement, the two beams are reflected and scattered by 
the rough measuring surface; for out-of-plane measurement (y-direction), only observation beam is 
reflected by the surface while the reference beam goes to the sensor directly. 
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The two beams are overlaid and produce a speckle pattern, which is recorded by a Charge Coupled 
Device (CCD) camera. Figure 2 shows a schematic setup for the in-plane deformation measurement 
by ESPI. 

 

Figure 2. Schematic of ESPI setup. 
The intensity, mI  of the speckle interference pattern is 

                                                   ( )mm cosIIIII ϕφ +++= 2121 2                                          (1)                                    

where 1I  and 2I  are the intensities of the two coherent beams, φ is the interference phase of the two 

coherent beams, and mϕ  is the introduced phase-shift. 

By subtracting two speckle patterns at different states, before and after deformation, interference 
fringes can be obtained. Using the four-step phase shifting method [10,11], the interference phase at 

each state can be determined by four intensities with phases separated by 2
π . Assuming the 

interference phases before and after the deformation are φ  and 'φ respectively, the phase 

difference φ∆ can be obtained by 'φφ − . Applying the phase-shift process, the displacement map can 
be obtained. 
The in-plane displacement xU  (or zU ) can be calculated by 

                                                              θπ
φ∆λ

sin
U x 4

×=                                                               (2) 

where θ is the incidence angle of the illumination beams, λ is the wavelength of the applied laser, and 
φ∆  is the phase difference between the two states: before deformation and after deformation. 

Similarly, the out-of-plane displacement yU  can be obtained by 

                                                              ( )θπ
φ∆λ

cos
U y +

×=
12

                                                       (3) 

ESPI can provide full-field deformation information of different materials with a very high-precision. 
However it is a very sensitive technique and the results can be easily influenced by external factors 
such as noise and vibration.  For that reason tests should be carried out in relatively quiet 
circumstances.  

2.2. Material 
The [0, 704,-704]s laminate (see the geometrical details in Figure 3) was made of glass fiber/epoxy 
using vacuum bag technique. The thickness of the laminate is 2.8 mm. The elastic properties obtained 
in tests on unidirectional and angle-ply composite specimens are: 
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Figure 3. Shematic view of the 
[0,704,-704]s laminate lay-up. 
(Z-axis is in the thickness 
direction). 

 
Longitudinal modulus E1(GPa) = 44.7 
Transverse modulus E2(GPa) = 12.7 
Poisson’s ratio ν12 = 0.297 
In-plane shear modulus G12(GPa) = 5.8 
Specimens of 20 mm width were reinforced with GF/EP end tabs in the gripping area. 
A free length between tabs was 110 mm. The tensile loading to introduce damage in form of 
microcracks was applied using an INSTRON tensile testing machine with displacement rate of 3 
mm/min. Cracks initiate first in the -70 layer, which is two times thicker than the +70 layer and 
propagate through the whole width of the specimen. At higher applied stresses, cracks appear in the 
+70 layer. The presence of these cracks (in +70 layer) affect the opening displacement of the large 
cracks in the -70 layer. 

3. Results 

3.1. Normalized relative displacement measurement 
The specimen edge is illuminated by two beams which come from the same laser that has 

mµλ 638.0= as wavelength. These beams illuminate the object at equal but opposite angles θ±  to 
the surface normal (see figure4). Using this method of illumination, the measurement direction is in 
the x-axis direction which is the tensile-axis. 

 

Figure 4. Symmetric illumination. 
The digitization of the mmmm 1010 × image is performed at 512512× pixels, thus the pixel size 
is md µ5.19= . To get the displacement map, the image corresponding to the phase difference was 

averaged using a [ ]1111× filter kernel. 
Figure 5 shows the X-displacement profile in the central ply (-70°) when the cracks were first 
initiated. The displacement discontinuities caused by the cracks are clearly visible. 
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These displacement jumps indicate the presence of two cracks in the region of study. The 
displacement slope (strain) is very small in the area corresponding to the cracks surfaces where 
according to the boundary condition the crack surfaces are stress free.  

Because of the 70° fiber orientation, the crack displacement discontinuity measured on the edge is 
not directly COD and neither the CSD. It is a projection of both these displacements on the specimen 
edge plane (Figure 4). By definition, the crack opening displacement (COD) is transverse to the fiber 
direction and the sliding displacement (CSD) is in the fiber direction. The displacement jump is 
defined as a relative displacement (RD) which is related to the COD and the CSD by this relationship: 

                                                θθ cosCSDsinCODRDx ×+×=                                             (4) 

 

Figure 5. Profile of the X-direction relative displacement along the mid-plane (on the 
specimen edge) corresponding to a variation of the relative average 

stress MPa497.0=∆σ . 
The displacement gap observed on the edge corresponds to a certain change in the applied average 

stress σ∆ . In other words the presented displacement data correspond to this load change. 
In order to perform comparative analysis for several applied load levels the relative displacement (RD) 
has to be normalized with respect to the relative average stress σ∆ . Thus, the results presented in the 
following for the normalized relative displacement (RDn) correspond to 1 MPa of the applied stress to 
the laminate, where the upper index n is used to indicate the normalized values. 

For an average stress increase from 27.01MPa to 27.51MPa a mµ189.0  and mµ196.0  relative 
crack face displacement was measured for the first and the second crack, respectively. It corresponds 
to MPaµmRD n /380.01 =  and  MPaµmRD n /394.02 =   for the normalized crack opening 

displacement at the averaged applied stress MPa26.27
2

51.2701.27 =+=σ∆ . 

Using the displacement map, the displacement profiles were drawn (not shown) along the tensile-
axis at two different distances from the mid-plane (in the middle of +70° and 0° layers). Two cracks 
were detected on the edge of the +70° layer very close the cracks in the-70° layer. The normalized 
relative displacement of these cracks which run along fibers in the +70° layer was smaller than those 
in -70° layer and interface delamination between both crack systems was observed.  
For 0° layer, the displacement profile does not show any displacement jumps, which means there are 
no cracks in this layer at this applied stress level.  
The separation of the values of the COD and the CSD can be performed using the following two 
methods: 

6th EEIGM International Conference on Advanced Materials Research IOP Publishing
IOP Conf. Series: Materials Science and Engineering 31 (2012) 012004 doi:10.1088/1757-899X/31/1/012004

5



• To measure the relative displacement RD with 'θ as new incidence angle of illumination 

beams( )'θθ ≠ . Hence, using equation (4) the RD can be calculated with two different angles 

θ and 'θ and then the COD and the CSD can be deduced. 
• To measure directly the COD. This method is used and explained in the following section.  

3.2. Normalized crack opening displacement 
The object is illuminated by two beams. To measure directly the COD, theses two beams have to 
illuminate the object at equal and opposite angles to the fiber direction axis, which means the bisector 
of the angle between the first and the second beam has to be in the same direction as fibers of the 
studied layer (Figure 6). In this case, the measurement direction is transverse to the fiber direction. 
Hence, using this method of illumination, we can measure directly the COD. 

 

Figure 6. Non symmetric illumination. 
For the same crack, we measured the normalized relative displacement RDn and the normalized 

crack opening displacement CODn separately, and then we deduced the normalized crack sliding 
displacement CSDn using equation (4). 
All results are presented in this following table. 

Table1. A comparison between the COD and the CSD. 

 
RDn 

(µm/MPa) 
CODn 

(µm/MPa) 
CSDn 

(µm/MPa) 
COD/CSD 

 

Crack 1 0.380 0.300 0.286 1.049 

Crack 2 0.394 0.311 0.297 1.047 

For the analyzed GF/EP laminate, Table 1 shows that the COD is slightly bigger than the CSD. 

4. Conclusion 
The displacement field on the edge of a [0/ +704/ -704]s glass fiber/epoxy laminate specimens with two 
intralaminar cracks is studied and the crack face opening displacement (COD) and crack face sliding 
displacement (CSD) change with the applied mechanical load is measured. 
The presented results prove that ESPI can be used to measure directly the crack opening displacement 
and deduce the crack sliding displacement. A comparison between these two parameters shows that 
the COD is slightly bigger than the CSD. 

The COD and the CSD depend on the materials properties and layer orientation and thickness 
which means that the ratio (COD/CSD) varies. As future work, we are planning to study more 
laminates with different lay-ups and material properties. 
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The measurement of COD and CSD at low and high crack density is planned to investigate the effect 
of crack density.   
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