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ABSTRACT 

The study of the damaged area in composite laminates subjected to impact is a 

fundamental aspect in the evaluation of their residual properties.  

Damage in woven E-glass fibre/polyester laminates can be measured by non-destructive 

techniques (NDT) such as visual inspection or ultrasound. Within the ultrasonic 

techniques of inspection, C-Scan has been established as the main inspection method. 

This technique is quite useful in composite laminates since it quantifies the total in-

plane damaged area. However, this technique is not capable of providing the evolution 

and location of damage down the thickness, which can change remarkably in thick 

laminates. For this reason, it is necessary to use the B-Scan ultrasonic technique of 

inspection. 

The aim of this experimental work was to study the evolution of damage in woven E-

glass fibre/polyester laminates of four different thicknesses. After being impacted, these 

plates were inspected by non-destructive inspection techniques: ultrasound by C-Scan 

and B-Scan and visual inspection in order to confirm the qualitative and quantitative 

http://www.uc3m.es/mma


results. The damage presented an opening cone shape towards the rear face of thin 

laminates. On the other hand, two different opening cones of delamination grew 

towards the front and rear faces after a certain thickness in thick laminates. 
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1. Introduction 

Over recent years, composite materials have been widely used in the manufacture of 

structural components in the aerospace, naval and civil industries among others. Unlike 

traditional materials such as steel or aluminium, composite materials combine high 

specific stiffness and strength. For this reason, composite materials are suitable when 

fuel and cost reduction are the most important requirements [1]. Specifically, woven E-

glass fibre/polyester laminates are used in such applications as pipes and storage 

containers, as well as in maritime and ground-transport industries [2]. 

Even though these structures are not designed as armour, they may need to withstand 

dynamic loads during manufacturing processes, maintenance or their service life. This is 

especially critical in composite laminates because they are sensitive to transverse loads 

[3]. 

Impact phenomena can be classified according to impact velocity into high-velocity or 

low-velocity impacts [3]. In the case of woven laminates subjected to high-velocity 

impact, some of the most relevant topics to study are the ballistic limit and the energy-

absorption and failure mechanisms [4]. Some of the relevant parameters affecting these 

aspects are the laminate thickness, the laminate density and the diameter of the 

projectile [5-8]. 

Some of the most significant failure mechanisms in composite laminates are matrix 

cracking, delamination and fibre failure. When a laminate is subjected to a high-velocity 

impact, bending stresses arise and cracks appear and spread between adjacent plies 



leading to their detachment and thus to matrix cracking and delamination [3]. 

Delamination is a critical failure mechanism since it causes big losses of the structure’s 

residual compressive strength after impact [9-12]. Most of the time, the largest axis of 

delamination damage runs in the direction of the fibres of the lower sheet [3]. After 

perforation, it has been shown that the residual tensile strength of woven laminates 

diminishes [10].  

The first step to evaluate the residual properties of composite laminates subjected to 

impact is to study the damaged area, its location and morphology [9-12]. 

Related to evolution of damage in thin woven laminates subjected to high-velocity 

impact, Will et al. [13] demonstrated that there is a linear relationship between the 

damaged area and impact energy in laminates impacted at velocities below the ballistic 

limit. For impact velocities above the ballistic limit, such authors as García-Castillo et 

al. [14] showed that the damaged area extension is inversely proportional to the impact 

velocity for glass-fibre-reinforced polymer (GFRP) plates, reaching the maximum value 

of damaged area around the minimum perforation velocity. The study performed by 

Alonso et al. [15] showed that the damaged area on the rear face was the largest for 

woven E-glass fibre/polyester laminates of four different thicknesses (3, 6, 9 and 12 

mm) subjected to high-velocity impact. Regarding the evolution of damage down the 

thickness, Gellert et al. [6] demonstrated that the damage was in the shape of a cone 

opening towards the rear face of thin laminates. The dimensions of the cone increased 

with specimen thickness. On the other hand, two different opening cones of 

delamination grew towards the front and rear faces after a certain thickness for thick 

laminates. Nevertheless, this study was limited to impact velocities around the ballistic 

limit and only for flat and conical projectiles. 



The evaluation of damage in woven E-glass fibre/polyester laminates can be carried out 

by optical techniques [16] or ultrasound. Within the ultrasound techniques, A-Scan, B-

Scan and C-Scan types have been established as the main inspection methods for 

evaluating the damage after impact [17]. 

The objective of this experimental work was to evaluate the damaged area in the 

direction of thickness by ultrasound in woven E-glass fibre/polyester laminates 

subjected to high-velocity impact. This study focused on the size and morphology of 3, 

6, 9 and 12 mm thick specimens. These results were compared to those determined by 

visual inspection and some geometric parameters were validated with those obtained 

from an analytical model previously developed by Alonso et al. [18]. 

2. Materials and experimental procedure 

In this study, woven E-glass fibre/polyester laminates of 1980 kg/m3 density and four 

different thicknesses (3, 6, 9 and 12 mm) were inspected. 

These woven laminates were subjected to high-velocity impact as described in previous 

studies [18-20]. The specimens were impacted with spherical steel projectiles of 7.5 mm 

diameter and 1.725 g mass. The results of residual velocity vs. impact velocity for all 

the thicknesses can be seen in the work of Alonso et al.[15]. 

To evaluate the damaged area, non-destructive techniques (NDT) were used. Firstly, 

ultrasonic inspections were carried out on all the impacted specimens for the four 

thicknesses available. 

The experimental ultrasonic equipment was manufactured by TECNITEST. It was used 

in echo-pulse configuration, with a reflective plate, automatic scan with water as 

coupling medium and non-contact ultrasound. Furthermore, this equipment has a 

Socomate USPC 7100 LA data acquisition card for PC, which allows images of the data 

recorded by A-Scan, B-Scan and C-Scan to be viewed on a PC. 



Before inspecting the laminates, a calibration process with different patterns was carried 

out to ensure that the ultrasonic equipment worked properly. 

For the purposes of this study, a transducer of 5 MHz frequency and 10 mm diameter 

was chosen to inspect 3 mm and 6 mm thick woven laminates. Nevertheless, it was 

impossible to inspect 9 mm and 12 mm thick laminates with a transducer of this 

frequency due to the high attenuation of glass-fibre. For this reason, it was necessary to 

change the transducer used to inspect those laminates. Another transducer of 1 MHz 

frequency and 10 mm diameter was used to inspect thicker laminates because of the 

greater penetration power. 

After carrying out the ultrasonic inspection of each specimen, several images were 

generated on the computer: one A-Scan image, two B-Scan images (corresponding to 

the two perpendicular planes at a chosen point) and several C-Scan images. Analysing 

these images and taking the impact point as reference, it is possible to evaluate the 

damage area extension down the thickness. 

Alonso et al. [15] demonstrated that the damaged area in woven E-glass fibre/polyester 

laminates subjected to high-velocity impact can be reasonably approximated to a 

circular shape in all cases. Therefore, all the results in this paper are presented as a 

function of the damaged area radius instead of the area itself. 

To quantify the damaged area in each laminate, the damaged area radius was measured 

at 1 mm depth intervals starting at 0 mm as the impact surface. B-Scan images were 

used to measure this damaged area radius in 3 mm and 6 mm thick laminates (Figure 1) 

and sequences of C-Scan images at different depths were used for 9 mm and 12 mm 

thick specimens (Figure 2). In Figures 1 and 2, 𝐷𝑒 refers to the damaged area diameter 

on the impact face, 𝐷𝑠 is the damaged area diameter on the rear face and 𝑑 refers to the 

minimum damaged area diameter at depth z. These parameters can be seen in Figure 2. 



 

Figure 1. B-Scan image showing the evolution of damage at increasing depth in a 3 mm 

thick specimen impacted at 512 m/s 

 

Figure 2. C-Scan images showing the evolution of damage at increasing depth in a 12 

mm thick specimen impacted at 428 m/s 

With the goal of verifying the measurements made with the ultrasonic equipment, some 

specimens were selected and cut through a medium plane. The cut surfaces were 

photographed and the damaged radius was measured with a digital image correlation 

program.  

Figure 3 shows one of these laminates impacted near the ballistic limit, at a velocity of 

401 m/s. This specimen has been cross-cut and checked out by visual inspection. In this 

Figure, it is possible to see the projectile stuck inside the laminate as well as the 

detachment of the plies. 



 

Figure 3.. Cross-section of a 9 mm thick laminate impacted at 401m/s 

3. Results 

3.1. Damage morphology 

To study the damage morphology, the classification derived from the work performed 

by Alonso et al. [18] was used. In this work, two energy-based analytical models were 

developed, with a non-dimensional formulation to predict the minimum perforation 

velocity. Both models consider that the kinetic energy of the projectile impact is 

absorbed during the perforation process by means of a number of energy-absorption 

mechanisms. 

On the one hand, the energy-absorption mechanisms considered for the thin laminates 

model are tensile failure of fibres, elastic deformation of fibres, acceleration of the 

laminate on the back side of the plate, delamination and matrix cracking. On the other 

hand, the model developed for thick laminates divides the impact event into two stages: 

in the first one the following energy-absorption mechanisms act: compression, tensile 

failure of fibres, delamination, matrix cracking and shear plugging. In the second stage 

only the friction between the impactor and the plate takes place. The failure criterion 

considered, which determines the transition from Stage 1 to Stage 2, is the failure by 

compression when the strain in the thickness direction reaches the failure strain in that 

direction. 

According to these analytical models developed by Alonso et al. [18] for woven E-glass 

fibre/polyester laminates, these can be classified into thin laminates, if 𝑒

Φp
 <<1, and 



thick laminates if 𝑒

Φp
>>1, where 𝑒 is the laminate thickness and Φp is the diameter of 

the projectile. Therefore, in this work we would predict differences that would be found 

in the damage between thin laminates (3 and 6 mm thick) and thick laminates (9 mm 

and 12 mm thick). 

3.1.1. Thin woven laminates 

In Figure 4, the radius of the damaged area down the thickness for 3 mm thick laminates 

is shown. The range of velocities at which the specimens were impacted was from 163 

m/s to 513 m/s. 

Since the damaged area can be approximated by a circular shape [15], when looking at 

the cross-section of the plate at the impact point, the damage area morphology follows a 

conical distribution down the thickness. Furthermore, in the case of 3 mm thick 

laminates, Figure 4 shows that the generatrix slope of the cone is linear for all the 

impact velocities studied in this paper. 



 

Figure 4.. Radius of the damaged area versus depth for 3 mm thick laminates. 

In Figure 5, the radius of the damaged area down the thickness for 6 mm thick laminates 

is shown. The range of velocities at which the plates were impacted was from 187 m/s 

to 768 m/s. 



 

Figure 5.. Radius of the damaged area versus depth for 6 mm thick laminates. 

As in the 3 mm thick laminates, the evolution of the damaged area down the thickness 

was cone-shaped. 

3.1.2. Thick woven laminates 

A change in the damaged area morphology was observed for 9 mm thick specimens. 

¡Error! No se encuentra el origen de la referencia. shows two different cone-shapes. 

In the first layers, the conic evolution of damage decreased from the impact face until 

reaching the minimum diameter, which was approximately at 2 mm depth. From this 

point down, the cone-shape began to open until reaching its maximum diameter on the 

rear face. 



 

Figure 6.. Radius of the damaged area versus depth for 9 mm thick laminates. 

For 12 mm thick laminates, the morphology of damage followed the same distribution 

as for 9 mm thick laminates. In Figure 7 it is possible to differentiate the two cone 

shapes connected at an apex, which is approximately placed located at 3 mm depth from 

the impact face.  



 

Figure 7.. Radius of the damaged area versus depth for 12 mm thick laminates. 

In order to verify that these results from ultrasonic inspection are trustworthy, Figure 8, 

Figure 9, Figure 10 and Figure 11 show the damaged area down the thickness in four 

laminates (thicknesses of 3 mm, 6 mm, 9 mm and 12 mm) impacted at velocities of 513 

m/s, 768 m/s, 617 m/s and 428 m/s,  respectively. These plates were cut through the 

middle plane to the free edge before visual inspection. The impact face was the upper 

face of the laminate in every picture. The measures of damage by visual inspection are 

according to the results of the damage extension determinate by ultrasonic inspection. 



 

Figure 8. Cross-section of a 3 mm thick laminate impacted at 513 m/s. 

 

Figure 9. Cross-section of a 6 mm thick laminate impacted at 768 m/s. 

 

Figure 10. Cross-section of a 9 mm thick laminate impacted at 617 m/s. 

 

Figure 11. Cross-section of a 12 mm thick laminate impacted at 428 m/s. 

 

In view of the results, the damage morphology down the thickness was fully dependent 

on the laminate thickness and independent of the impact velocity. 
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Figure 12. Damaged area evolution down the thickness in (a) thin and (b) thick woven 

laminates. 

For thin laminates ( 𝑒

Φp
<<1), the damage morphology was a cone opening toward the 

rear face as can be seen in Figure 12. The damaged area increased from the impact face 

to the rear face. 

On the other hand, for thick laminates ( 𝑒

Φp
>>1) the damage morphology down the 

thickness was a double-cone, which could be related to the two stages defined by 

Alonso et al. [18] in the analytical model for thick laminates. In Stage 1, a phenomenon 

of local compression takes place and the damage morphology is a cone where the 

diameter decreases from the impact face until reaching the minimum diameter at a 

certain depth. At this depth, Stage 2 begins and the projectile moves with a part of the 

laminate without any resistance apart from the friction, provoking more damage and 

delamination that can be seen in the larger cone. This is an inverse cone opening from 

the minimum damage diameter to the rear face, where the diameter is maximum (Figure 

12).  

3.2. Evaluation of geometric parameters 

The aim of this section is to evaluate the damage morphology by means of the angle α 

defined in Figure 12 for thin and thick laminates. The angle α is defined as the one that 

results from the intersection between the slope of the cone and the rear face as shown in 

Figure 12. The Figurer 13 and 14 show the variation of the angle α with the impact 



velocity for all specimens impacted; moreover it is showed the ballistic limit for each 

laminate. 

3.2.1. Thin woven laminates 

Figure 13 shows the variation of the angle α with the impact velocity for all the thin 

woven laminates studied in this paper. For 3 mm thick plates with a ballistic limit of 

212 m/s, this angle remained constant, but in the case of 6 mm thick laminates, the 

angle α decreased inversely proportional to the impact velocity. 

 

Figure 13. Angle α versus impact velocity for 3 mm and 6 mm thick woven laminates. 

This change of behaviour can be explained because 6 mm thick specimens are really  

close to the thin-thick threshold predicted in the analytical model [18].Therefore, it 

would be logical that a morphology change starts to be seen 3.2.2.  

3.2.2. Thick woven laminates 

As in the previous section, Figure 14 shows the variation of the angle α with the impact 

velocity for thick woven laminates and the ballistic limit for each laminate. For both the 



thicknesses analysed, this angle decreased inversely proportional to the impact velocity. 

It confirms the change of damage morphology that started to be appreciated for 6 mm 

thick specimens. 

 

Figure 14. Angle α versus impact velocity for 9 mm and 12 mm thick woven laminates. 

Finally, it can be seen that the angle increased with laminate thickness within the range 

of thicknesses studied. 

With the aim of to evaluate the depth at which the transition from Stage 1 to Stage 2 

takes place in the thick woven laminates inspected in this work. The height H shown in 

Figure 12 was measured from the rear face of the laminates up. This parameter 

quantifies the height of damage cone-shape related to Stage 2.As two different 

thicknesses (9 mm and 12 mm) were studied, it is more meaningful to show how the 

ratio between height 𝐻 and thickness 𝑒 varies with the impact velocity as shown in 

Figure 15.  



 

Figure 15. Ratio H/e versus impact velocity for 9 mm and 12 mm thick specimens. 

The ratio H/e remained constant, was independent of the impact velocity and, of the 

thickness. Table 1 shows a summary of these results and establishes that the transition 

from Stage 1 to Stage 2 always takes place at a certain depth between 22% and 25% of 

the laminate thickness from the impact face. In addition, the transition predicted by the 

analytical model proposed by Alonso et al. [18] [16] is also summarized in Table 1. 

𝒆 [mm] 𝑯 [mm] 𝒉 [mm] 𝒉

𝒆
  (Experimental) 𝒉

𝒆
  (Alonso et al. [16] Model) 

9 7 2 0.22 0.217 

12 9 3 0.25 0.217 

Table 1. Transition from Stage 1 to Stage 2 in thick woven laminates. 

In view of Table 1, the analytical model predicts a change from Stage 1 to Stage 2 at a 

depth of 1.95 mm and 2.60 mm (corresponding to a ratio ℎ

𝑒
= 0.217) for 9 mm and 12 

mm thick specimens respectively. These values are close to the depths of 1.98 mm (9 



mm thick specimens) and 3 mm (12 mm thick specimens) in which the change of shape 

was experimentally found. 

4. Conclusions 

In this study, we evaluated damage morphology down the thickness in woven E-

glass/polyester laminates of four different thicknesses (3 mm, 6 mm, 9 mm and 12 mm) 

subjected to high-velocity impact. 

The following conclusions were obtained: 

 Damage morphology down the thickness depends on the thickness but is 

independent of the impact velocity. 

 Damage morphology down the thickness is different for thin (simple cone 

shape) and thick woven laminates (double-cone shape). 

 The transition between thin and thick woven laminates takes place between 6 

mm and 9 mm. 

 Damage morphology down the thickness in thin woven laminates (3 mm and 6 

mm) is a cone opening from the impact face to the rear face. 

 Damage morphology down the thickness in thick woven laminates (9 mm and 

12 mm) presents two different opening cones of delamination. One opens 

towards the impact face and another towards the rear face. The cone opening 

towards the rear face is larger in diameter. Both are connected by their apexes at 

a certain depth. 

 For the thick woven laminates studied, the depth where the transition from Stage 

1 to Stage 2 takes place is independent on the impact velocity. Furthermore, this 

transition takes place at a depth between 22% and 25% of the laminate thickness 

from the impact face. 



 There is no variation of the angle α with the impact velocity for 3 mm thick 

laminates. For 6 mm, 9 mm and 12 mm thick laminates, this angle decreases 

inversely proportional to the impact velocity. 
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