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Abstract  
This work focuses on the study of medium velocity (~70 m/s) oblique impacts on the lower 
surface of helicopter blades. This kind of impact is characterized by the angle of incidence of 
the impactor (between 10° and 20°). In this study, the influence of the local curvature of the 
blade on the response to an oblique impact is investigated. Two kind of impact tests are 
performed on curved sandwich panels : medium velocity and low velocity impacts. The 
radiuses of curvature vary from 160mm to 820mm, which represents the real curvatures of 
helicopter blades. A numerical study is also performed. It is shown that for the geometries 
involved in the design of helicopter blades, the curvature does not have any influence on the 
structural response to an impact. However, in the case of oblique impacts, the curvature can 
change locally the impact angle so that the damage is different than for impacts on a planar 
sample. 

 
1. Introduction  
 
This work focuses on the study of medium velocity (~70 m/s) oblique impacts on the lower 
surface of helicopter blades. During flight, blades may be subjected to impacts with various 
soft or hard bodies such as birds or hailstone. The impact velocity is directly linked to the 
rotational speed of the blades. These kinds of impacts are characterized by the angle of 
incidence of the impactor (between 10° and 20°).  

A blade is made up of a main spar with unidirectional glass–epoxy composite in the leading 
edge; of a skin generally made of two or three plies of glass–epoxy and (or) carbon–epoxy 
woven fabrics; of a polyurethane foam core; of a glass–epoxy unidirectional composite 
trailing edge; and of a protection made of stainless steel that covers the leading edge [1].  

Given the geometry of the impacted area, the blade is assimilated to a composite sandwich 
structure. Usually, the tests are performed on planar samples [2]. In this study, the influence 
of the local curvature of the blade on the response to an oblique impact is investigated. 

Many studies deal with the influence of a curvature on the response to normal low velocity 
impacts of composite shells. In [3] and [4], the contact time during the impact is shown to be 
highly dependant on the curvature. Indeed the contact force increases when the curvature 
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increases.  More, the damage mechanisms are different when the impacted shell is curved [5]. 
For large plate curvatures the dissipated energy during impact loading is higher [6].  
Nevertheless, according to [7], these observations are significant only when curvature is high. 

Here, two kinds of impact tests are performed on curved sandwich panels: a medium velocity 
oblique impact test and a low velocity normal impact test. The radiuses of curvature 
considered vary from 160mm to 820mm, which represents the real curvatures of helicopter 
blades. 

A numerical study is also performed. The FEM strategy presented in [3] to model the woven 
fabrics is used in order to have a better understanding of the influence of the curvature on the 
impact response.  

2. Experimental study 
 
2.1. Samples 
 
The samples are composite sandwich panels. The specimens are 350mm long, 200mm large 
and the thickness varies from 26mm to 55mm (depending on the curvature). Given that this 
study concerns the influence of the curvature of helicopter blades on the impact response, 
only curvatures that represent the real curvatures of such blades are considered. Only the top 
skins are curved (Figure 2). The radiuses vary from 160mm to 820mm. Five geometries are 
considered : one plane plate with a foam thickness of 50mm and four curve plates which 
curvatures are given Table 1. 
 
 

Specimen Radius [mm] Curvature [mm-1] 
1 - 0 
2 820 0.0012 
3 601 0.0017 
4 381 0.0026 
5 160 0.0062 

Table 1. Curvatures of the considered specimens. 
 
The skin is made of 3 plies of carbon-epoxy woven fabrics oriented at 0°. The foam core is a 
Rohacell A51 foam. The material characteristics are given Table 2. 
 
 

Carbon-epoxy woven skin Rohacell foam core 
Density (kg/m3) 1530 Density (kg/m3) 52 

Elastic Modulus (MPa) (Ex=Ey) 54000 Elastic Modulus (MPa) 70 
Shear modulus (MPa) 4500 Shear Modulus (Mpa) 19 

Poisson Ratio 0.045 Compressive Strength (MPa) 0.9 
Tensile strain limit 0.015 Tensile Strength (MPa) 1.9 

Table 2. Material characteristics. 
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2.2. Low velocity impacts 
 
Low velocity indentation tests have been conducted using a drop tower. The displacement of 
the impactor and the applied load has been acquired during the test. The experiments have 
been carried out with a 2075 g mass at a velocity of 3.1 m/s. That is to say an impact energy 
of 10 J. A 20 mm diameter spherical indentor has been used. 
 
The load vs displacement and the load vs time curves are given Figure 1 for the plane plate. 
Typically the load/displacement curve can be divided in four parts: a linear part corresponding 
to the elastic response of the structure, a drop of the impact load which corresponds to the first 
rupture of the skin, a plateau corresponding to the penetration of the impactor into the 
structure, and a return corresponding to the rebound of the impactor. The same observations 
can be made on the load-time curve. This last curve is used for the measurement of the 
contact time during impact. 
 

 
Figure 1. Load/displacement curve and Load/time curve for a low velocity impact on the specimen 1. 
 
These curves have also been plotted for the curved configurations. The initial stiffness and the 
contact time are given Table 3 for each configuration. 
 
 

Specimen Stiffness [N/mm] Contact time [ms] 
1 486 9.27 
2 411 10.28 
3 310 15.35 
4 337 10.35 
5 287 14.75 

Table 3. Low velocity impact results. 
 
First, no influence of the curvature in the value of the plateau can be observed. The 
discrepancy noticed might depend on the local state of the impacted panel more than on the 
curvature. Then, the influence of the curvature on the contact time can be observed. Indeed an 
increase of the contact time with the increase of the curvature is noticed. Finally, the influence 
of the curvature on the initial stiffness is observed. The stiffness decreases when the curvature 
increases. One explanation of this observation could be that when the panel is curved, the skin 
has to work in compression when indented; and the compressive stiffness is generally lower 
than the tensile stiffness for composite materials. 
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 2.3. Medium velocity oblique impact 
 
Medium velocity oblique tests have been carried out with an air gun. The impactor is a 19 mm 
diameter steel ball with a mass of 28 g. The impact velocity is 70 m/s, which corresponds to 
an impact energy of 68.6J. The sample is placed on a table tilted in order to have an angle of 
15° between the impact axis and the tangent at the impact point (Figure 2). This value has 
been chosen to reproduce the flight conditions of the helicopter blade. The tests are recorded 
with two high speed cameras at 20000 fps in order to measure the velocity of the projectile 
before and after the impact. The energy absorbed by the specimen is deduced from these two 
values. The length of the fracture surface after the impact is also measured. 
 

 
Figure 2. Oblique impact tests. 
 
Four tests have been performed for each panel. The mean values of the absorbed energy and 
of the fracture length are given Table 4. 
 
 

Specimen Absorbed Energy [J] Fracture Length [mm] 

1 16.7 5.93 
2 15.1 3.76 
3 52.1 11.21 
4 13.38 5.17 
5 45.47 6.13 

Table 4. Medium velocity oblique impact results. 
 
A high dispersion is observed. This dispersion in the results can be explained by the fact that, 
due to the curvature, a slight imprecision in the impact point leads to a non-negligible 
variation of the impact angle. Nevertheless, by localizing the real impact point on the sample 
after the test, an increase of the damage with the real impact angle has been observed. 
 
3. Numerical study 
 
Here, the very first results of the numerical study are provided. 
 
A semi-continuous model has been suggested in [8] for the thin woven composite blade skin. 
It relies on the chronology identified experimentally. This model has been developed at the 
woven fabric mesh scale. The bundles are represented by 1D rod elements. This truss 
structure is stabilized by a damageable 2D element, which has been fully developed in the 
software Radioss (Figure 3). 
 

Firing axis 

Impact angle (15°) 

Specimen 
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Figure 3. Modeling principle. 
 
The connection between the 1D and 2D elements is made at the nodes and the interaction 
between the bundles and the resin is neglected. As the skin is built up of three woven 
composite plies, delaminating is not predominant and only one element is taken through the 
thickness. 
 
Here, the oblique impact tests are not modeled because of the large dispersion of the 
experimental tests that can not provide a validation of the calculation. Nevertheless, a 
validation of this modeling strategy for oblique impacts on planar composite sandwich 
structures can be found in [2] and [8]. 
 
The two low velocity impact tests performed on specimen 1 and specimen 5 have been 
modeled. The two FE models are shown Figure 4. The mesh size in the impacted region is 
1,4mm × 1,4mm. 3D elements have been used to model the foam core. The bottom face of the 
panel is embedded. The indentor is modeled using a rigid body, which is an undeformable 
solid. The foam core is modeled by a constitutive law implemented in Radioss. 
 

 
Figure 4. Modeling of low velocity impacts on specimen 1 and 5. 
 
The first results show that, although the calculated initial stiffness is 10% higher than the 
experimental value, the ratio between the calculated initial stiffness of the two specimens is 
only 4% lower than the experimental values. More detailed results will be provided during the 
conference. 
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4. Conclusion 
 
A study of the influence of the curvature on low and medium velocity impacts on composite 
sandwich panels made of thin woven composite skins and a polymeric foam core has been 
presented.  
 
Concerning drop test impacts, the influence of the curvature can be shown on the stiffness of 
the elastic response of the structure and on the impact contact time. Nevertheless these 
influences are slight for the level of curvature considered here. For the oblique medium 
velocity impact tests, no real influence could be noticed experimentally due to a high 
dispersion of the results. Indeed, the real impact angle highly depends on the curvature and on 
the real impact point.  
 
A numerical model has been developed. The very first results reveal the same evolution of the 
influence of the curvature for low velocity impacts. Work on this modeling is currently being 
developed and more detailed results will be provided during the conference. 
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