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Abstract 

In this work, an innovative experimental methodology is presented for the assessment of damage severity in 
composites. The technique aims at determining the local variation of the elastic properties in the damaged region of 
a composite component. Based on the Impulse Excitation Technique (IET), the vibrational response of the inspected 
region is isolated by clamping its extremities through vacuum, thus allowing the assessment of local variations. 
Complementarily, a new analytical approach is derived for the assessment of the residual elastic properties of the 
damaged area from the measurement of the first resonant frequency. Validation of the proposed methodology is 
performed on two glass-fibre woven fabric composites, damaged by impact. The material properties of the damaged 
zone determined through the proposed technique are compared to the results of tensile tests performed on specimens 
cut from the impacted plates. In particular, the specimens are equipped with optic fibre in order to punctually 
measure the elastic parameters. Results show that the residual elastic properties assessed with the proposed 
technique are in very good agreement with those measured through the optic fibre, thus proving the effectiveness of 
the methodology. 
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1. Introduction 

In order to design safer and more cost-effective composite structures, damage tolerance strategies, based on a 
proper combination of material behaviour description and nondestructive techniques, are required. Anomalies in the 
structural integrity of composites can arise both during the manufacturing process and during the service life. These 
anomalies can concern specifically the matrix, i.e., voids, uncured region or matrix cracking, the fibre, i.e., fibre 
misalignment, fibre waviness or broken fibres, and the matrix/fibre interface, i.e., matrix/fibre debonding or laminae 
debonding. This rich collection of failure mechanisms usually combines in a complex multitude of cracks and flaws, 
which demand for a proper assessment of their severity. Historically, damage severity is determined in terms of 
extension of the cracked area. Indeed, in metals, a residual strength can be correlated to the most “critical” crack, 
thus estimating the damage severity. However, due to their heterogenous nature and to their anisotropy, strength 
degradation approaches are not suitable for composites. Given the complex crack scenario typical of composites, it is 
not a priori known which is the direction of minimum strength [1]. 

These observations suggest the need to assess the damage severity in terms of material response in presence of 
defects or flaws, rather than only in terms of extension of the damaged area. Generally speaking, the presence of 
cracks, voids, impact damages etc., results in a local variation of the elastic properties, whose assessment constitutes 
a suitable metric for damage severity. However, current nondestructive techniques either lack a quantitative 
assessment of the elastic constants, as in the case of thermography or micro-CT methods [2], or are likely to conceal 
the damage identification, as in the case of vibrational methods where the global vibrational response is analyzed [3–
5]. 

In this work, an innovative nondestructive technique is presented for the assessment of residual elastic properties 
in damaged laminates. The technique is based on the Impulse Excitation Technique (IET) [6] and differently from 
global vibrational methods [7], investigates the local vibrational response of the component, thus assessing the local 
material response [8,9]. In particular, the inspected region is isolated by nondestructively clamping its boundaries, 
and, with reference to the first resonant frequency, a vibrational mode is excited, which is function of only the 
material characteristics of the investigate region. Complementarily, a new analytical approach is derived for the 
assessment of the residual elastic properties of the damaged area from the measurement of the first resonant 
frequency. Validation of the proposed methodology is performed on two glass-fibre woven fabric composites 
damaged by impact. The material properties of the damaged zone determined through the proposed technique are 
compared to the results of tensile tests performed on specimens cut from the impacted plates. In particular, the 
specimens are equipped with an optic fibre in order to punctually measure the longitudinal strain and so the elastic 
parameters. 

 
Nomenclature 

E11 longitudinal Young’s modulus  
E22  transverse Young’s modulus 
G12 in-plane shear modulus 
ν12 in-plane Poisson’s coefficient 
f0 first resonant frequency of the undamaged material 
fd first resonant frequency of the damaged material 

2. Materials and Methods 

2.1. Materials 

Experimental tests are performed on two laminated composite plates manufactured in the laboratory of 
Politecnico di Torino. The two laminates are made of glass fibre woven fabric impregnated with epoxy resin. The 
first composite laminate consists of 6 layers, whereas the second is made of 8 layers. The glass fabric is a twill 2x2 
with slightly different fibre concentrations in the two perpendicular directions. In particular, the yarn densities are 
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11.5 and 12 fibre/mm in the warp and weft directions, respectively. The laminates are produced by vacuum infusion, 
with the glass fabric plies stacked in parallel. The curing process is accomplished in oven at 100ÁC for 3 hours 
without providing any adding pressure. The stacking sequence is [0]6 for the 6-layers plate and [0]8 for the 8-layers 
plate. In regard to the thickness, the 6-layers plate is 1.31 mm thick, whereas the 8-layers plate 1.24 mm. A larger 
amount of resin is thus present in the 6-layers plate. The resulting elastic properties, assessed through tensile tests, 
are reported in Table 1 for the two plates with reference to the material orthotropy axes. 

Table 1. Material properties of the 6- and 8-layers plates. 

 Property Value Unit 

6-layers plate 

Density 1.5Ā103  kg/m3 

E11 17.5 GPa 

E22 16.7 GPa 

G12 3.1 GPa 

ɜ12 0.13 - 

8-layers plate 

Density 1.66Ā103  kg/m3 

E11 21.5 GPa 

E22 19.5 GPa 

G12 3.7 GPa 

ɜ12 0.17 - 

2.2. Methods 

In this Section, the methodology is described. Firstly, the experimental setup which clamps the boundaries from 
only one side is presented. Then, the numerical calculations for the assessment of the residual elastic properties of 
the damaged zone are detailed. 

Experimental setup of the nondestructive technique 

In order to restrict the mechanical vibrations to a subregion of the component, i.e., only the subregion is involved 
in the vibrational phenomenon, its boundaries must be clamped. As shown in Fig. 1 through a finite element model, 
differently from simply supported boundaries, the clamped constraint allows to isolate a vibrational mode specific of 
the inspected region and which is function of only its material characteristics. 

 
 

 
(a) 

 
(b) 

 
(c) 

Fig. 1. Comparison of simply supported and clamped boundaries: (a) finite element model with the highlighted boundary nodes, (b) modal 
analysis with simply supported boundaries (c) modal analysis with clamped boundaries. 

In order to nondestructively clamp the boundaries, vacuum is adopted. Fig. 2a shows the experimental setup, 
while the device is presented in Fig. 2b. 
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Fig. 1. Comparison of simply supported and clamped boundaries: (a) finite element model with the highlighted boundary nodes, (b) modal 
analysis with simply supported boundaries (c) modal analysis with clamped boundaries. 

In order to nondestructively clamp the boundaries, vacuum is adopted. Fig. 2a shows the experimental setup, 
while the device is presented in Fig. 2b. 
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4. Conclusion 

In this work, an innovative methodology for the local and nondestructive assessment of the residual elastic 
properties in damaged composites has been presented. The methodology is based on the Impulse Excitation 
Technique (IET). An innovative experimental setup which allows to isolate the vibrational response of a region of 
the material by non-destructively clamping its extremities has been proposed. 

The assessment of the residual elastic properties is nondestructive and local, i.e., it specifically concerns the 
damaged zone. It has been shown that the presence of a damage within the region inspected through the device 
results in a reduction of the first resonant frequency. Such reduction is function of the participation of the damage to 
the modal displacement. The higher the modal displacement in correspondence of the damaged zone, the higher the 
reduction of the first resonant frequency. This allowed to determine the elastic properties specifically of the 
damaged region, through a properly derived formulation. 

The methodology has been validated on two glass fibre woven fabric laminates, damaged by impact. The 
material properties of the damaged zone determined through the proposed technique have been compared to the 
results of tensile tests performed on specimens cut from the impacted plates. In particular, the specimens were 
equipped with optic fibre in order to punctually measure the longitudinal strain and so the elastic parameters. Results 
show that the residual elastic properties assessed with the proposed technique are in very good agreement with those 
measured through the optic fibre, thus proving the effectiveness of the methodology. 
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