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de Tomar, Rua 17 de Agosto de 1808 S/N, 2200-370 Abrantes, Portugal; cccampos@ipt.pt 
3 Grupo de Elasticidad y Resistencia de Materiales, Escuela Técnica Superior de Ingeniería, Universidad de 
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Abstract: Literature is not abundant on the mechanical characterization of cylindrical shells for civil 

engineering applications, especially in terms of impact response. In this context, this study intends 

to evaluate the impact response of cylindrical sandwich shells produced with various types of fibers. 

Analysis was done on three alternative configurations: carbon fibers only, carbon fibers and glass, 

and carbon fibers and basalt. All configurations were tested for static and impact strength. It was 

concluded that the constituents of the cylindrical sandwich shells are determinants in both static 

and impact strength. In terms of compressive properties, the lowest displacement (4.4 mm) and 

highest compressive strength (873 N) and stiffness (354 N/mm) are attributed to configuration 6C. 

However, the incorporation of basalt fibers decreased these properties to the lowest values, and 

reductions of 22% and 44% were found for the compressive strength and stiffness, respectively, 

while the displacement increased around 66%. On the other hand, in terms of impact, significant 

benefits were achieved with the introduction of glass fibers. Compared to configurations 6C and 

2C+2B+2C, for instance, the elastic recuperation was 25% and 64.6% higher, respectively. 
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1. Introduction 

Every day it is noticeable that traditional materials are being replaced by composite 

materials, including in the civil engineering sector, due to their high specific stiffness and 

strength, adjustable properties, excellent static and dynamic properties, and good corro-

sion resistance. 

In this particular sector (civil engineering applications), they are used both as struc-

tural reinforcement and in non-structural applications such as geotextiles. However, be-

cause most of the published studies focus essentially on the advantages obtained with 

these materials, literature is still scarce regarding their characterization for structural pur-

poses. An example of this is their response to impact, a loading mode to which they are 

very sensitive. Low-velocity impacts, for example, are frequent in service or during 

maintenance procedures, are challenging to detect [1], and have a significant effect on the 

residual mechanical performance [2–5]. 

In terms of structural integrity, literature reports some studies in terms of damage 

mechanisms [6–9], residual compression-after-impact [10], multi-impacts [11,12], and en-

vironmental effects [13–15], but these focus mainly on composite plates. However, while 
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being far less common, investigations on cylindrical shells are extremely important given 

the current theories regarding complex structures. 

Therefore, considering the need for this knowledge, this study aims to analyze the 

benefits in the impact response of cylindrical sandwich shells for civil engineering appli-

cations. For this purpose, cylindrical shells with the same number of layers but involving 

different types of fibers are considered. 

2. Experimental Procedure 

By using a hand lay-up process, cylindrical sandwich shells were manufactured us-

ing six layers of bi-directionally woven fabrics and an SR1500 epoxy resin with SD2503 

hardener (both provided by Sicomin). Stacking sequences of 6C; 2C+2G+2C and 2C+2B+2C 

were analyzed. Numbers quantify the layers and the letters the type of fibers used (C = 

Carbon fibers (taffeta with 160 g/cm2), G = Glass fibers (taffeta with 205 g/cm2), and B = 

Basalt fibers (basalt grid with 11.5 g/cm2)). This system was then subjected to a pressure 

of 0.5 mbar for 9 h and placed within a vacuum bag for 24 h to remove any air bubbles 

and guarantee a constant fiber volume fraction and uniform laminate thickness. After that, 

post-curing took place for 16 h at 60 °C using an oven. The production procedure and the 

sample geometry are displayed in Figure 1. 

a)  b)  

Figure 1. (a) Process of manufacturing, (b) Specimens’ geometry and dimensions in mm. 

The drop weight-testing machine IMATEK-IM10, which is described in [16], was 

used for low-velocity impact tests. A 10 mm impactor with a mass of 2.826 kg was used to 

strike the center of the specimens with free support at the curved edges and bi-supported 

edges at the other sides. The samples were tested with an energy of 5 J, which caused 

apparent damage, but no perforation. The ASTM D7136 standard was followed in per-

forming these impact tests. 

The same support and loading nose were used for bending tests on a Shimadzu AG-

100 universal testing equipment. Five samples were used for each configuration at room 

temperature and with a displacement rate of 3 mm/min. 

3. Results and Discussion 

Initially, static bending tests were performed on cylindrical sandwich shells for a bet-

ter understanding of their impact response. In this context, Figure 2 shows typical force-

displacement curves, where a linear region is perceptible in all curves. It is also noticeable 

that the maximum static strength and stiffness are obtained in the configuration involving 

only carbon fibers (6C), while the lowest strength and stiffness are associated with the 

sandwiches, whose values are very similar. 

Table 1 presents the average compressive properties, where the stiffness was deter-

mined by the slope of the force-displacement curves in the linear region and the displace-

ment values for the maximum compressive force. It is possible to observe that the highest 

compression force occurred for the cylindrical shells produced only with carbon fibers 

100  = 100 + 2×t 
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(873 N), while for sandwiches the values obtained are about 17.3% lower. In fact, there is 

a difference around 5.8% between the average values obtained for sandwiches but, con-

sidering the dispersion, this difference is insignificant and the maximum compressive 

force can be considered very similar. The same is observed for stiffness, where the highest 

value is 354 N/mm and the decrease for sandwiches is around 42.7%. The opposite is ob-

served for the displacement, where the highest values occur for sandwiches and are 63.3% 

higher. The fibers’ inherent mechanical characteristics and related damage mechanisms 

explain the observed [17]. In fact, glass fiber composites fail on the tension side, while 

carbon fiber composites primarily fail on the compression side [18]. 

 

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

Table 1. Compressive static properties. 

Cylindrical 

Shells 

Maximum Force [N] Displacement at Max. Force [mm] Stiffness [N/mm] 

Average Std. Average Std. Average Std. 

6C 873 121 4.4 1.0 354 41 

2C+2G+2C 722 184 7.1 1.9 203 54 

2C+2B+2C 680 201 7.3 1.4 198 39 

In terms of impact response, Figure 3 shows typical force-time curves obtained from 

the impact tests, which present a similar profile to those described in the literature [17,19]. 

The observed oscillations are caused by the vibrations of the specimen and depend on 

both the stiffness and mass of the specimen and impactor [20,21]. Furthermore, it is noto-

rious that all configurations are characterized by a force increase up to a maximum value, 

followed by a drop after the force peak. This is more evident for the sandwiches, while for 

the cylindrical shells containing only carbon (6C) after some decrease the force remains 

practically constant for some period of time, and only then does it decrease significantly. 

This curve, different from the others, reveals that although the impact does not cause per-

foration, it is responsible for introducing more significant damage than in sandwiches. In 

fact, brittle failures are characteristic of carbon fibers, which are fragile when compressed 

or exposed to impact loads [18]. 
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Figure 3. Typical force-time curves obtained from low-velocity impacts. 

Regarding the force-displacement and energy-time curves, Figure 4 shows the re-

spective responses of the different materials. In the first case, the force-displacement 

curves are very similar to the force-time curves, which are characterized by an increase in 

force up to a maximum value and a subsequent decrease, with the two distinct behaviors 

reported above. Therefore, these curves confirm that cylindrical shells involving only car-

bon fibers (6C) suffer more severe damage than sandwiches. The impactor sticks the spec-

imens and rebounds, indicating that the impact energy was insufficient to enable full pen-

etration, as may be inferred from all energy-time curves. In this instance, the start of the 

plateau denotes the loss of contact between the striker and the specimen and corresponds 

to the energy absorbed by the specimen [22,23]. Therefore, for the impact energy of 5 J, it 

is noted that the sandwich involving carbon and glass fibers (2C+2G+2C) was the one that 

absorbed less energy, while the other sandwich (2C+2B+2C) was the one that absorbed 

more energy. 

  

Figure 4. (a) Typical force-displacement curves obtained from low-velocity impacts; (b) Typical en-

ergy-time curves obtained from low-velocity impacts. 
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Table 2 lists the average values and corresponding standard deviations for peak force, 

maximum displacement, and elastic recuperation in order to quantify all the evidence 

presented previously. 

Table 2. Impact properties. 

Cylindrical 

Shells 

Peak Force [kN] Max Displacement [mm] Elastic Recuperation [J] 

Average Std. Average Std. Average  Std. 

6C 0.924 0.12 7.8 1.9 1.71 0.91 

2C+2G+2C 0.916 0.21 9.5 3.1 2.14 0.98 

2C+2B+2C 0.774 0.26 10.5 0.8 1.30 0.72 

It is evident from Table 2 that the maximum force for configurations 6C (0.924 kN) 

and 2C+2G+2C (0.916 kN) is identical. In this case, the difference is less than 1%, but it 

increases considerably to around 16% compared to the basalt and carbon sandwich 

(2C+2B+2C). This can be explained by the different stiffness values reported in Table 1. 

The opposite behavior is observed for the maximum displacement, where configuration 

6C presents the smallest value and configuration 2C+2B+2C has the largest displacement 

with a difference around 34.6%. Literature supports these findings, which shows that 

stiffer structures produce greater impact forces, smaller deflections/displacements, and 

shorter contact times [19]. Finally, in terms of elastic recuperation the lowest value was 

obtained for the configuration 2C+2B+2C (with 1.3 J), followed by the configuration 6C 

(31.5% higher) and 2C+2G+2C (64.6% higher). Consequently, higher damages are ex-

pected when the elastic recuperation decrease. Although the largest damage area is on the 

upper surface of the cylindrical shells, the damage starts at the top ply and spreads to the 

bottom layers [17]. 

4. Conclusions 

The main goal of this study was to analyze the impact response of cylindrical sand-

wich shells for civil engineering applications involving different types of fibers. The con-

clusion that the shell’s components affect both static and impact performance was possible 

to obtain. In terms of static properties, for example, the highest strength and stiffness are 

obtained for cylindrical shells produced only with carbon fibers (6C), while the displace-

ment is the lowest. However, the opposite properties (lower strength and stiffness while 

the displacement is larger) are obtained when basalt fibers are included in the sandwich 

(2C+2B+2C). Regarding the impact strength, the benefits achieved with the introduction 

of glass fibers to the detriment of basalt fibers are significant. In this case, the glass fibers 

are responsible for the highest restored energy and the basalt fibers for the lowest elastic 

response of the specimens. 
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