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Abstract 

Damage can significantly modify the behaviour of composites laminates subjected to 

high-velocity impacts. Due to the high energy-absorption capability and low density of 

agglomerated cork, a possibility to reduce the impact damage, and improve the impact 

resistance of composites structures, is to incorporate a layer of this material as core of a 

sandwich structure. In this work, an experimental analysis of ballistic impact behaviour 

of damaged monolithic laminates and composite sandwich plates, with agglomerated 

cork core, was carried out. First, both types of specimens were damaged by a low-

velocity impact at two impact energies. In order to ensure that the resulting damage was 

different, typical low-velocity impact variables were analysed. Later, reference (intact) 

and damaged specimens were subjected to ballistic impacts. For intact specimens, no 

significant differences between the impact behaviour of sandwich plates and laminates 

were observed. Nevertheless, the ballistic limit per areal density of damaged laminates 
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was reduced when compared to the value given for reference laminates, whereas in 

sandwich structures it was almost constant.  
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1. Introduction 

Due to the wide use of composite laminates in high-performance sectors of engineering, 

like aerospace, automotive, naval, and others, the knowledge of the influence of damage 

induced by impact in their mechanical properties is a critical topic to apply composite 

materials in structural applications [1, 2]. In order to obtain a better response from 

composites, where critical failure is given when they are subjected to impact loads, 

sandwich structure configurations are commonly used due to their high-specific 

stiffness and strengths. 

Sandwich structures should be used in applications where the safety is important due to 

their good energy absorption capability under impact [3-5]. In this context, impacts, 

identified by sudden localised loads, can occur accidentally, or are caused by external 

actions, like bird impact in aviation, vehicle collision, armour, etc. [6]. Several authors 

evaluated the response of composite sandwich plates when submitted to low-velocity 

impact [7-11], but the high-velocity impact in this kind of materials is also under study 

[12-15]. Some authors had verified that the core absorbs the majority of impact energy 

and only a small part is absorbed by the face-sheets, which means that the core 

composition is very important in low-velocity impact tests [3-5]. Therefore, it is very 

important to select core materials with high energy-absorption capabilities.  

For ballistic impacts, some sandwich structures with composite face-sheets and cellular 

core material were used [15-17]. Generally, the cork as core material in sandwich 

structures has been widely used due to its capability to absorb impact [13,18-20]. Cork 
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is a natural, recyclable and renewable material, obtained from the bark of cork oak [21] 

and it is relevant material to several industrial applications for decreasing the 

environmental pollution caused by the synthetic materials [22]. In many works, as an 

alternative to natural cork, the use of agglomerated cork is proposed. This material is 

composed of cork grains with a polymeric binder and reduces the variability of the 

properties of natural materials [23, 24]. In addition, this material is manufactured from 

cork industry waste and has a low cost [25].  

Sandwich structures with agglomerated cork core present high-specific properties, as 

good energy dissipation capability, which induces that cork can be used also for impact 

applications. Sarasini et al. [26] and Boria et al. [27] studied the response of sandwich 

structures with thin flax/epoxy face-sheets and agglomerated cork core to low-velocity 

impact. These authors had concluded that the presence of agglomerated cork allows for 

better impact resistance and high energy absorption. Castilho et al. [28] carried out a 

study considering four different core materials and concluded that cork laminates have 

potential for applications with impact requirements, like marine industry. Ptak et al. [29] 

evaluated the capability of three different agglomerated corks to withstand large 

quantities of impact energy and verified that under impact cork has good capability for 

absorbing energy and high-recovery capacity. After an impact event, cork deforms 

mainly elastically, which is confirmed by [30]. 

Normally, high-velocity impact in composite materials causes a localised damage, 

which induces an absorption of the energy due to several energy absorption 

mechanisms, such as cone formation, fibre failure, shear plugging, and matrix cracking 

[2,31]. In low-velocity impact, the damage observed is global and less localised [32]. 

Considering sandwich structures, damage is normally induced by delamination and fibre 
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breakage that occur in the composite face-sheets, debonding between core and face-

sheets, and crushing and shear failure at the core [33, 34].  

In case of high-velocity impact, contact time between target and specimen is small, 

inducing that the penetration of the projectile occurs before the stress waves reach the 

boundary [35]. The ballistic limit, which represents the lowest velocity that induces the 

total penetration of the structure, is a parameter used to evaluate the perforation 

phenomenon. Silva et al. [36] compared numerically the effect of a cork layer inserted 

in a carbon-epoxy laminate in the low-velocity impact response and verified that 

including a cork layer at critical interfaces improved the impact behaviour. Castro et al. 

[37] concluded in their study that the presence of the agglomerated cork as core in 

sandwich structures enhanced the mechanical properties. In the case of impact loads, 

these authors observed that independently of the density of the cork, higher load values 

are achieved when compared with other sandwich structures with other core materials. 

Baran and Weijermars [38] evaluated the bending behaviour after low-velocity impact 

load of sandwich panels made of epoxy/glass face-sheets and three different cores and 

observed that the mechanical performance of sandwich panels is greatly influenced by 

the previous low-velocity impact. Some authors [39-41] use the areal density to quantify 

the performance of composites under high-velocity impact and verify that the energy 

absorption increases with increasing value of areal density. 

Although there are several works focused on high- and low-velocity impact behaviour 

of sandwich structures, according to the authors' knowledge only intact structures are 

considered. No studies about the structural response of sandwich structures with core 

made of agglomerated cork, previously damaged have been found in open literature and, 

nevertheless, the presence of damage in sandwich structures modify their response to 

external loads (static, dynamic or fatigue loads). 



5 

The aim of this study is to analyse the impact behaviour of previously damaged 

sandwich plates with agglomerated cork (NL20) as core material. This type of 

agglomerate cork is a natural and sustainable core material, offering excellent fire, 

smoke and toxicity properties associated with good mechanical and processing 

characteristics. Perfectly aligned with the new green classifications, its closed air cells 

structure promotes, specifically, low water absorption, rot resistance and impact 

tolerance. Additionally, monolithic laminate plates were produced and tested in similar 

conditions to evaluate the benefits obtained with this cork cored sandwich structures. 

In both configurations, the damage was generated by low-velocity impact and two 

impact energy levels were selected. First, peak load, absorbed energy, impact bending 

stiffness and impact indentation ratio are compared between both structures, in order to 

identify the differences in the damage generated. Later, damaged specimens were 

subjected to high-velocity impact, and the residual velocity versus impact velocity 

curves were represented. From these results the ballistic limit per areal density of each 

configuration was estimated. 

 

2. Experimental procedure 

Unidirectional carbon/epoxy prepreg supplied by SEAL (Legnano, Italy) with the 

commercial name of Texipreg® HS 160 REM was used to produce monolithic laminates 

and composite sandwich plates. The first ones were manufactured in agreement with the 

recommendations of the supplier, and eight plies with the stacking sequence of [0/90]4S 

were used. More details about the manufacture process can be found in [42]. Composite 

sandwich plates with face-sheets composed by four plies with stacking sequence of 

[0/90]4 and a NL 20 CORECORK core (by Amorim Cork Composites) with 2 mm of 

thickness, were also obtained by autoclave consolidation. More details are summarised 
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in Table 1. Several specimens with 120x120 mm in size were produced and Fig. 1 

shows, schematically, the configuration of both monolithic laminate plates and 

composite sandwich plates. The specimens were placed in a steel support device, with a 

cut-out dimension of 90 x 90 mm and rubber-tipped toggle clamps. 

Initially, the specimens were submitted to low-velocity impact and, for this purpose, a 

drop-weight tower CEAST Fractovis, with a hemispheric impactor of 20 mm diameter 

and 5.62 kg of weight, was used. In order to avoid full perforation (when impactor 

moves throughout the specimens) two impact energies were selected, 25 J and 40 J, 

equivalent to impact velocities of 2.98 m/s and 3.77 m/s respectively. The highest 

impact energy was carefully chosen to ensure a large damage extension along the 

specimen, while the lowest one was selected to produce a damage extension sufficiently 

large on both types of plates in order to ensure that the subsequent ballistic impact was 

in a damaged area. A sampling time of 3s was selected, and 4000 data were recorded 

from each test. Force versus time curves were recorded from each test, while the 

displacement and energy were calculated according to [11, 43, 44]. Average values and 

standard deviation will be obtained in terms of peak load, absorbed energy, impact 

indentation and contact times from 8 to 12 specimens tested for each configuration and 

impact energy. These variables are calculated because they represent an estimation of 

the damage generated in both plates [45-47].  

After the low-velocity impacts, all plates were submitted to ballistic tests to obtain the 

response to impact loads and respective benefit of the cork core relatively to the 

monolithic plates. Six configurations were analysed: 

- Reference laminates plates, which are monolithic specimens without damage; 

- Reference sandwich plates, which are sandwich specimens without damage; 

- Laminate plates previously impacted by low-velocity impacts at 25 J; 
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- Laminate plates previously impacted by low-velocity impacts at 40 J; 

- Sandwich plates previously impacted by low-velocity impacts at 25 J; 

- Sandwich plates previously impacted by low-velocity impacts at 40 J. 

The high-velocity impact (ballistic) tests were carried out with a gas gun Sabre Ballistic, 

using Helium at high-pressure as propellant gas. Steel projectiles of 6.25 mm in radius 

and 7.98 g in mass were used. The projectile velocities were measured from the record 

of each test obtained, using a high-speed camera Photron Ultima with a velocity of 

120000 frames per second. Impact velocities between 78 m/s and 201 m/s were used. 

 

3. Results 

3.1. Low-velocity impact tests 

Force-displacement curves for each specimen configuration (monolithic and sandwich 

plates) were obtained. Fig. 2 shows representative curves of laminates and sandwich 

structures impacted at 25 J and 40 J.  

There are significant differences in the force-displacement curves for both 

configurations at the same impact energy level, although all curves presented closed 

loops that suggest that no complete perforation was given: curves consist in an 

ascending section (loading) and a descending section (unloading), indicating a 

rebounding of the impactor [48]. 

At impact energy of 25 J, curves for both monolithic laminates and sandwich plates 

present typical pure rebounding of the impactor, associated with a low level of damage: 

differences between the loading and unloading section of both curves are negligible. 

However, there are oscillations in the record pertaining to laminates that indicate a 

greater progression of damage than in the case of sandwich plates. At impact energy of 

40 J, there is partial softening of the curves, combined with a sudden drop in the load 
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for both configurations. This drop is associated with an extensive level of damage, in 

which fibre-breakage appeared and is higher in the case of monolithic laminates due to 

higher level of damage associated [45, 49]. 

According to Richardson and Wisheart [50], four major modes of failure occur in 

composite laminates: matrix cracking, delamination. fibre breakage and perforation. In 

this study, the latter damage did not occur for both materials, because the impact energy 

was not enough to trigger it. Therefore, in terms of composite laminates, matrix cracks 

were the first damage introduced by transverse impact load, which is due to property 

mismatching between the fibre and matrix and are usually oriented in planes parallel to 

the fibre direction. Richardson and Wisheart [50] reported that matrix cracks in the 

upper layers start under the edges of the impactor, as consequence of the very high 

transverse shear stress through the material, while the cracks on the bottom layer are 

induced by high tensile bending stresses.  

Debonding between fibres and matrix is also expected in this context. Subsequently, 

these cracks generate a delamination along the upper adjacent interface, which interacts 

with other matrix cracks of the neighbour upper ply induced by shear [51, 52]. It is also 

well reported in the open literature that such delamination only occurs at interfaces 

between different oriented layers due to the weak interface strength associated with the 

mismatch bending between adjacent different oriented layers [51, 53].  

Finally, for the highest impact energy, some fibre failure was observed at the point of 

impact due to locally high stresses (mainly governed by shear forces) and indentation 

effects [50]. It should also be noted that, under similar conditions, higher displacements 

lead to higher elastic energy dissipation and, consequently, decrease the energy 

absorbed by internal damage [51]. In relation to sandwich plates, the damage 

mechanisms are more complex, because there is a competition between those that are 
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triggered in the laminates and in the core. While for composite laminates it is expected 

occur the damage mechanisms described previously, the failure mode on the sandwich 

plates begins with debonding between face-sheets and core, and under the impacted 

region. This crack is expectable to propagate following the direction of the middle plane 

towards the tips of the specimen [20]. 

Fig. 3 presents the average value and standard deviation of the peak load, for both 

configurations, as a function of the impact energy, 25 J and 40 J respectively. The peak 

load is defined as the maximum contact force between the impactor and the specimens 

during the impact. Generally, average peak load is greater in sandwich plates than in 

monolithic laminates at both impact energies. This is due to the higher stiffness of 

sandwich plates when compared to monolithic laminates. However, results are not 

conclusive as the scattering is quite high, especially at impact energy of 25 J. 

Additionally, peak load increases with increasing impact energy. The increment in peak 

force in sandwich structures (17%) is greater than in the case of laminates (11%), which 

implies a lower level of damage in the former specimens.  

The average value and standard deviation of absorbed energy as a function of the impact 

energy level is presented in Fig. 4. At impact energy of 25 J, small differences in 

absorbed energy were found between both configurations, although the energy 

absorption is slightly higher in sandwich structures. At this impact energy, the sandwich 

plates absorb more energy since the cork core deforms, due to its low stiffness, and 

contributes to the energy absorption process. 

By contrast, at 40 J higher absorbed energy was observed in monolithic laminates 

(aprox. an increment of 36% in absorbed energy). Higher absorbed energy is related 

usually to higher damage extension [45,46]; therefore, the effect of the compression of 

the cork core in the energy absorption capabilities of the sandwich specimens is less 
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relevant than the energy absorption related to the damage mechanisms of monolithic 

laminates.  

In addition, a measure of the level of damage is given by two further variables: the 

impact-bending stiffness and the impact indentation ratio. In this context, the impact-

bending stiffness of both configurations in terms of impact energy level is presented in 

Fig. 5. This variable is obtained from the slope of the linear part of the ascending 

section of force-displacement curves (Fig. 2) before reaching the peak load [48, 49]. 

At impact energy of 25 J, impact-bending stiffness is similar for both configurations. 

However, at impact energy of 40 J, impact-bending stiffness is higher for sandwich 

structures than for monolithic laminates: the bending stiffness decreases with increasing 

impact energy level in laminates, whereas no significant difference is observed for the 

sandwich plates. This behaviour is usually related to an increment of the damage 

extension [54, 55]. 

The impact indentation ratio is defined as the relationship between the impact 

indentation obtained from force-displacement curves [47], and the thickness of each 

specimen. In Fig. 6, average results of this variable are presented as a function of the 

impact energy. 

At impact energy of 25 J, the indentation ratio is similar for both configurations, which 

suggests a similar level of damage. On the other hand, at 40 J differences are noticeable 

as impact indentation ratio is 53% greater in laminates than in sandwich plates. 

Monolithic laminates show values greater than unity, which reveals partial penetration 

with no actual perforation. The partial penetration was easily identified as a visible 

indentation on the impacted surface of the laminates. 

 

3.2. High-velocity impact tests 
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After low-velocity impact tests, the ballistic behaviour of damaged monolithic laminates 

and sandwich plates was compared. In order to get more information, non-impacted 

specimens (reference specimens) were added to the analysis and residual velocity versus 

the impact velocity is presented for reference specimens (Fig. 7a), specimens previously 

impacted at 25 J (Fig. 7b) and previously impacted at 40 J (Fig. 7c). The specimens 

were impacted in the previously impacted side. In general, results show that the addition 

of cork as core of sandwich structures improves the ballistic performance of composites; 

although in reference specimens, the behaviour at high-velocity impact is similar for 

both configurations, including the ballistic limit value and residual velocity. Higher 

differences are found for specimens damaged by a 40 J impact.  

In monolithic laminates damaged by an impact energy level of 40 J, the residual 

velocity is higher than in the other cases, which implies worse ballistic behaviour, 

related with greater level of damage as described in previous sections. Higher dispersion 

was also observed in the residual velocity for monolithic laminates than in sandwich 

plates. This dispersion is related to the point of impact of the projectile; if the impact 

point is far away from the damage zone, the residual velocity is lower because the 

laminate behaviour is more similar to those of the intact laminate. The opposite 

behaviour is observed if the impact point matches the centre of the damage area. 

In order to evaluate the ballistic performance of the structures, ballistic limits were 

estimated using the Lambert-Jonas model [56] for non-deformed projectiles, which 

relates residual velocity to impact velocity by Eq. (1): 

vR = {
0, 0 ≤ v0 ≤ vBL

A ∙ (v0
p
− vBL

p
)
1
p⁄ , v0 > vBL

       (1) 

where vR is the residual velocity of the projectile, v0 the impact velocity of the 

projectile, vBL the ballistic limit, and A and p are empirical parameters. 
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Several authors [15, 39, 41, 57] have demonstrated that one of the main parameters that 

affects the perforation of composite structures is the areal density (mass per square 

metre). Considering the variation of thickness between sandwich plates and monolithic 

laminates, the ballistic limit per areal density, of each configuration, as a function of the 

impact energy, is presented in Fig. 8.  

Adding cork does not modify the ballistic behaviour of damaged sandwich plates, as 

reference and impacted specimens (at both 25 J and 40 J) present differences lower than 

2%. However, the presence of damage induced by low-impact energies, has a strong 

effect on the ballistic limit of monolithic laminates. For an impact of 40 J, the ballistic 

limit of monolithic laminates decreases by 25% with respect to the reference laminate. 

This is related to the level of damage observed in both specimen configurations and 

discussed in section 3.1. 

 

Conclusions 

This work studies the impact behaviour of damaged sandwich plates, with agglomerated 

cork core, when compared to damaged monolithic laminates. The damage was induced 

by low-velocity impact and analysed in terms of typical low-velocity impact variables, 

which give an estimation of the level of damage. Two impact energy levels were 

selected, 25 J and 40 J, and no perforation was produced. 

The peak load observed in laminates and sandwich plates is similar for both impact 

energies. However, force-displacement curves show differences at highest impact 

energy results and a sudden drop, related to the progression of the damage, was 

observed in monolithic laminates. The impact-bending stiffness of laminate plates 

diminishes slightly when the impact energy increases, which also suggests a growth of 

damage. For an impact at 40 J, the absorbed energy, a variable directly related to the 
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damage, is around 30% higher in monolithic laminates than in the sandwich plates. The 

highest difference between sandwich and laminate plates was observed when the impact 

indentation ratio results were compared: around 110% higher indentation ratio was 

measured in laminate plates. 

The damage generated by an impact of 25 J does not modify significantly the response 

to high-velocity impact in both configurations. The ballistic limit per areal density of 

both laminates and sandwich plates are almost the same in intact specimens. However, 

for laminates damaged by an impact of 40 J, this parameter is 36% lower than in 

reference laminates. In sandwich plates, no significant variation was observed, thus it 

was concluded that the addition of cork as core material improves the ballistic 

performance of composite structures that are previously damaged. 
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FIGURE CAPTION 

Fig. 1. Configurations analysed: a) monolithic laminate plates; b) composite sandwich 

plates 

Fig. 2. Load-displacement curves: a) specimens impacted at 25 J and b) specimens 

impacted at 40 J. 

Fig. 3. Peak load for both impact energies. 

Fig. 4. Absorbed energy (in joules) for both impact energies. 

Fig. 5. Impact bending stiffness for both impact energies. 

Fig. 6. Impact indentation ratio for both impact energies. 
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Fig. 7. Influence of damage in the ballistic behaviour: a) reference specimens, b) 

specimens damaged at 25 J, and c) specimens damaged at 40 J. 

Fig. 8. Ballistic limit / Areal density in reference specimens and damaged specimens at 

25 J and 40 J 

 

TABLE CAPTION 

Table 1. Summary of laminates and sandwich plates characteristics 
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Table 1. Summary of laminates and sandwich plates characteristics 

Material Thickness (mm) 
Low-velocity impact energy for 

pre-damage (J) 

[0/90]4S 2.6 

- 

25 

40 

[0/90]4 – CORECORK – [90/0]4 4.6 

- 

25 

40 
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