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Abstract: This study delves into the effect of repeated low-velocity impacts on the residual tensile 15 

strength of composite laminates reinforced with E-glass/epoxy woven fabrics. The specimens un- 16 

derwent a series of low-velocity impacts, each delivering a constant energy of 4 J. Various parame- 17 

ters such as maximum impact load, displacement, contact time, and absorbed energy were exam- 18 

ined. The residual tensile strength was subsequently analyzed for each impact and compared to 19 

control specimens that experienced no impact. The results highlighted a significant decrease in re- 20 

sidual tensile strength after the initial impact, while subsequent impacts exhibited a diminished 21 

effect until the puncture of the specimens occurred. 22 
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 24 

1. Introduction 25 

The application of composite materials in the civil engineering sector has been grow- 26 

ing due to their advantages, such as: freedom of design, high specific strength and stiff- 27 

ness compared to traditionally used materials, and good chemical resistance to most civil 28 

environments. However, published studies mainly address the advantages obtained with 29 

these materials, to the detriment of their structural response. An example of this is the 30 

impact response, loading mode to which they are very sensitive, because the residual me- 31 

chanical properties are significantly affected. 32 

In this context, it is possible to find some studies (numerical and experimental) that 33 

analyze the influence of several parameters such as energy and geometry of the impactor, 34 

stacking sequence [1–5]. On the other hand, in terms of residual strength, they focus es- 35 

sentially on compression after impact (CAI) [6], and few address the tensile loading mode 36 

[7]. Therefore, recognizing this gap, this study aims at comprehensively understanding 37 

and augmenting the available literature on the post-impact tensile mechanical response 38 

of woven glass fibre-reinforced polymer composite structures, also refered to as Tension 39 

After Impact (TAI). Understanding how the residual strength of composite materials is 40 

affected by impact events will enable architects and engineers to make informed decisions 41 

when selecting materials and designing structures that can withstand unforeseen inci- 42 

dents. Ultimately, this work aims to elevate the standards of building construction by in- 43 

tegrating the crucial aspect of post-impact tensile strength into the design process, ensur- 44 

ing robustness and resilience in the face of real-world challenges. 45 
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2. Experimental Procedure 1 

Composite laminate plates were fabricated using a bi-directional E-glass fabric (EC9 2 

68x2) in conjunction with an epoxy resin (SR1500) and a hardener (SD2503). The woven 3 

fabric layers were stacked to fabricate 10 ply laminate woven fabric reinforced composites. 4 

To ensure optimal impregnation, resin film infusion (RFI) was employed. After this stage, 5 

the composite plates were positioned within a vacuum bag for 12 hours at room temper- 6 

ature, employing a maximum pressure of 0.5 mbar. This step served the dual purpose of 7 

eliminating any trapped air bubbles and maintaining a consistent fibre volume fraction 8 

and uniform thickness. Subsequently, the plates underwent an 8-hour curing process at 9 

60C. 10 

The specimens were cut to dimensions of 250 mm (length) x 25 mm (width) using a 11 

diamond saw. A total of 25 specimens were prepared, with 5 serving as control specimens 12 

(0 impacts), and 5 specimens for each impact count (1, 2, 3, and 5). The average thickness 13 

of the specimens was 1.86 ± 0.048 mm. It is important to note that aluminium end tabs 14 

were bonded to the specimens for the tensile tests, as shown in Figure 1(a). To determine 15 

the fibre weight ratio, a burnout test was conducted in accordance with ASTM D3171-15 16 

[8]. The results revealed a fibre weight ratio of 63.9%, which corresponds to a fibre volume 17 

fraction of about 47%. Table 1 provides a summary of the experimental tests carried out 18 

in this study. 19 

  20 

Table 1. Summary of the conducted experimental tests. 21 

Number of tested specimens Number of impacts Experimental tests 

5 0 (control specimen) Static tensile test 

5 1 LVI + TAI 

5 2 LVI + TAI 

5 3 LVI + TAI 

5 5 LVI + TAI 
 22 

The low-velocity impact (LVI) tests were conducted utilizing the IMATEK-IM10 drop 23 

weight testing machine shown in Figure 1(b). A 10 mm diameter impactor with a mass of 24 

2.823 kg was employed. The drop height was defined so that the impact energy was of 4 25 

J. It is important to note that this energy level induced visible damage in a single impact, 26 

yet it did not lead to complete puncture of the specimens, thus allowing for a thorough 27 

assessment of the post-impact mechanical response. Further details about the drop weight 28 

testing testing machine can be found in [9]. 29 

 30 

   
(a) (b) (c) 

Figure 1. (a) Woven fabric composite specimens after being impact, with and without tabs. (b) 

Drop weight testing machine IMATEK-IM10. (b) Universal testing machine Shimadzu AG-

100. 
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Following each impact, a visual inspection of the specimens was conducted. Lever- 1 

aging the material's translucency, photos were taken with intense backlighting to facilitate 2 

the identification and delineation of the damaged area. 3 

The static tensile strengths of the control specimens (zero impacts) and the impacted 4 

specimens were obtained using the universal testing machine Shimadzu AG-100 repre- 5 

sented in Figure 1(c), with 3 mm/min displacement rate. All the experimental tests were 6 

carried out at standard room temperature. 7 

3. Results and Discussion 8 

Representative force-time, force-displacement, and energy-time impact response 9 

curves for the [0,90]10 woven fabric composite laminates are shown in Figures 2, 3 and 4 10 

respectively. It can be observed in Figure 1, that the impact force initially rises over time 11 

until it reaches a peak value, after which it gradually decreases due to the impactor's re- 12 

bound until returning to zero. At this instant, the impactor loses contact with the sample. 13 

 14 
Figure 2. Force-time curves for the repeated low-velocity impacts. 15 

 16 
Figure 3. Force-displacement curves for the repeated low-velocity impacts. 17 
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 1 
Figure 4. Energy-time curves for the repeated low-velocity impacts. 2 

This consistent profile is observed across all impacts. It is noteworthy that the maxi- 3 

mum force diminishes after each impact. For example, in comparison to the first impact, 4 

the maximum force decreases by approximately 7.6% at the 2nd impact, 30% at the 3rd im- 5 

pact, 42.6% at the 4th impact, and 68.4% at the 5th impact. Examining the maximum dis- 6 

placement depicted in Figure 3, it shows an increase of around 20.7% after the 2nd impact, 7 

and from that point onwards, it approximately doubles its value with each subsequent 8 

impact. It is possible to appreciate in the energy-time curves represented, Figure 4, that 9 

the absorbed energy, up until the 4th impact, is not sufficiently high to cause puncture of 10 

the specimens. The impactor strikes the specimen, rebounds, and does not penetrate fully. 11 

However, at the 5th impact, full perforation occurs, resulting in the complete absorption 12 

of all impact energy. Moreover, it can be observed that the absorbed impact energy stead- 13 

ily increases after each impact. For example, compared to the 1st impact, the absorbed en- 14 

ergy is 7.9% higher at the 2nd impact, and it further increases by 12% and 20.9% at the 3rd 15 

and 4th impacts, respectively. Finally, the contact time also extends with each subsequent 16 

impact. For example, the contact time increases by approximately 16% from the 1st to the 17 

2nd impact, while it rises by about 44.8% and 124.2% at the 3rd and 4th impacts, respectively. 18 

Figure 5 provides a visual representation of representative damaged areas resulting 19 

from impacts 1 to 4. Since the specimens are already completely perforated at the 5th im- 20 

pact, their corresponding damaged areas were not included in the analysis. Upon the 1st 21 

impact, damage in the form of delamination is observed around the impact point, exhib- 22 

iting a circular shape. This delamination area becomes more pronounced with the 2nd im- 23 

pact. While the damaged area seemingly remains unchanged at the 3rd impact, the failure 24 

of fibres becomes evident, resulting in partial puncture that becomes clearly visible by the 25 

4th impact. 26 

    

1st Impact 2nd Impact 3rd Impact 4th Impact 

Figure 5. Damage evolution until puncture of the composite specimens. 27 
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To assess the residual tensile strength of the multi-impacted specimens, static tensile 1 

tests were conducted. The residual tensile strength, for both the impacted specimens and 2 

the control ones, is shown in Figure 6. 3 

 4 
Figure 6. Effect of number of impacts on the residual tensile strength. 5 

The results emphasize the strong influence of the number of impacts on the residual 6 

tensile strength, particularly following the 1st impact. A clear distinction can be observed 7 

between two distinct stages: the initial stage between the control specimens and the 1st 8 

impact, and the subsequent stage encompassing impacts 2 to 5. It is evident that the tensile 9 

strength experiences a substantial decrease from 308.7 N to 151.2 N during the initial 10 

stage, corresponding to a reduction of approximately 51%. During the second stage, en- 11 

compassing impacts 2 to 5, the rate of decrease in tensile strength diminishes to approxi- 12 

mately 39.7%. These results indicate that, in static terms, the effect of the introduced dam- 13 

age becomes less pronounced as the number of impacts increases. However, it is im- 14 

portant to note that the overall tensile strength continues to be impacted by the cumulative 15 

damage inflicted by multiple impacts. 16 

Finally, to gain further insights into the effect of damage on the residual tensile 17 

strength, representative static stress-strain curves for both the control and multi-impacted 18 

specimens are presented in Figure 7. It can be observed that a substantial loss of stiffness 19 

occurs in the multi-impacted specimens, and that as expected, increasing the number im- 20 

pacts leads to a reduction of the specimen’s stiffness. 21 

 22 

Figure 7. Representative tensile stress-strain curves for the control specimen and multi-impacted 23 
specimens. 24 
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4. Conclusions 1 

In this experimental study, the effects of repeated low-velocity impacts on the resid- 2 

ual tensile strength of woven fabric reinforced composite laminates was investigated. The 3 

comprehensive analysis involved evaluating the force and energy histories, as well as var- 4 

ious parameters including maximum impact force and displacement, absorbed energy, 5 

contact time, static tensile behaviour, and damage evolution. 6 

It was observed that the maximum impact force decreases with the number of im- 7 

pacts, but the reduction is only substantial starting at the 3rd impact. The maximum dis- 8 

placement increases about 20.7% after the 2nd impact and it approximately doubles its 9 

value with each subsequent impact. Additionally, it was seen that the absorbed impact 10 

energy steadily increases after each impact and at the 5th impact, when full perforation 11 

occurs, the impact energy is completely absorbed. Finally, it was found that the contact 12 

time also extends with each subsequent impact. 13 

The findings revealed a significant decrease in the residual tensile strength after the 14 

1st impact, amounting to a reduction of approximately 51%. This highlights the immediate 15 

and substantial impact of the initial damage on the tensile strength of the specimens. Fur- 16 

thermore, the findings indicate that the subsequent impacts, leading up to full perforation, 17 

had a relatively diminished effect on the residual tensile strength. From the 2nd to the 5th 18 

impact, it was observed a decrease of approximately 39.7% in the tensile strength. This 19 

implies that, in terms of static behaviour, the effectiveness of the damage inflicted by sub- 20 

sequent impacts becomes less pronounced. 21 

The progression of damage throughout the multiple impacts was also analysed. The 22 

observed decrease in tensile strength corresponds to the evolving damage mechanisms 23 

and the interaction between the impacted areas. 24 

These results underscore the importance of considering the cumulative effects of 25 

multiple low-velocity impacts on the residual tensile strength of composite laminates. The 26 

findings have significant implications for building design and construction, emphasizing 27 

the need to account for potential damage and degradation in structures subjected to re- 28 

peated impacts. 29 
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