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________________________________________________________________________________ 

Abstract 

The mechanical response of composite structures may be affected by harsh environments, 

particularly when the matrix has a major contribution, e.g. with off-axis plies. This study aims at 

investigating the influence of winding pattern on the axial compressive behavior of filament wound 

composite cylinder under hygrothermal conditioning. Carbon fiber-reinforced epoxy cylinders were 

manufactured via filament winding (FW) with 1/1, 3/1 and 5/1 mosaic winding patterns (WP) and 

submitted to distilled and artificial seawater environmental conditionings. Water uptake for each 

hygrothermal conditioning was periodically monitored. Unconditioned and conditioned cylinders 

were subjected to axial compression and the WP influence on the mechanical response of the 

cylinders was discussed. The winding pattern was influenced both compressive strength and 

stiffness, and the environmental conditioning decreased strength up to ≈10%. 

Keywords: Filament winding pattern; Hygrothermal conditioning; Buckling. 

________________________________________________________________________________ 

1. Introduction 

Composite structures are often exposed to aggressive environments during their service life, 

which may affect the mechanical behavior of the structure. The marine sector, in particular, is 

gradually replacing metallic-based structures with composites, especially given their low density 

and high corrosion resistance [1,2]. However, carbon fiber-reinforced polymer (CFRP) composites 

also have some degree of susceptibility to harsh environments to which they are exposed [3]. A 

typical condition that may trigger some aging phenomena is exposure to moisture and water [4], 
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which may ultimately affect, for instance, stability under compressive loadings of structures in 

which both matrix and fiber/matrix interface play a more important role [4], or when the structure is 

laminated by many off-axis layers [5]. 

There are several possible mechanisms of moisture penetration in polymer composites: diffusion 

of water molecules into the matrix or along the fiber/matrix interface, capillarity, penetration of 

water through microcracks in the matrix [6]. Moisture wicking can promote mechanical, thermo-

mechanical and thermo-physical changes in the matrix by plasticization, swelling, cracking and 

degradation of the fiber/matrix interface. Moisture absorption increases free volume of polymeric 

molecules, which has a plasticizing effect that induces a decrease in glass transition temperature of 

the matrix [7] and in stiffness. 

Underwater composite structures are typically manufactured via FW, where fiber rovings are 

continuously wound onto a rotating mandrel. A typical FW equipment is able to deposit fibers with 

high accuracy, to produce parts with high fiber volume fraction, low void content and high 

reproducibility [5]. 

Three winding trajectories are possible in FW: circumferential (also well-known as hoop), 

helical and polar [8]. In the helical trajectory, rotational movements of the mandrel and axial 

movements of the carriage produce full coverage without the band having to be adjacent to the 

previously deposited band-width, resulting in a repetitive pattern with diamond shapes over the 

cylindrical surface. Each diamond constitutes a periodic structure (i.e. unit cell) and within each 

unit cell one can distinguish two sections, each comprising half of the diamond and having 

unidirectional off-axis oriented filaments [9]. The size and arrangement of the unit cells constitute 

the filament winding pattern, which can be identified as an 𝑋/𝑌 relationship, meaning that there are 

𝑋 diamonds around 𝑌 circles [10]. Between these two sections, there is a wavy zone where the 

rovings cross themselves. 

Typically, FW structures are evaluated based on the principles of Classical Lamination Theory 

(CLT) and the WP is usually disregarded. In such cases, a winding layer is considered as two 

homogenized angle-ply layers, where each ±𝜃 layer is divided into two – 𝜃 and +𝜃 layers for 

simplification purposes, as in Ortenzi et al. [11], who evaluated the axial tensile behavior of 

cylinders with different winding angles, Taheri-Behrooz et al. [12], who assessed the buckling 

behavior of cylinders with a cutout and Almeida Jr. et al. [5], who investigated the buckling and 

post-buckling behavior of cylinders with different number of layers and winding angles under axial 

compression. 

However, it is very difficult find reports dealing with the WP when analyzing FW structures. 

Rousseau et al. [13] evaluated the effect of WP on cylinders subjected to different loads. Axial 

tensile and internal pressure tests showed no significant difference in damage evolution for different 
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WP, while closed-ended internal pressure tests showed a strong dependence between the damage 

level and the WP. Morozov [14] reported that the mechanical response of cylindrical shells under 

internal pressure is sensitive to the WPs and the stress and strain distributions are affected by the 

size and number of mosaic units in both longitudinal and circumferential directions. Hameed et al. 

[15] numerically evaluated pressure vessels subjected to internal pressure considering the WP and 

also concluded that the pattern has a pronounced effect on their mechanical behavior. Uddin et al. 

[16] evaluated FW flywheel disks and concluded that their mechanical behavior is sensitive to the 

winding pattern, and the stress distributions are affected by the number and distribution of unit cells 

around the disk. Arellano et al. [17] evaluated the strain field of FW flats specimens using Digital 

Image Correlation (DIC), strain gauge measurements and FEM simulations. Cracks start at cell 

perimeter and runs into the cells within, which shows that the mechanical response of FW structures 

is directly affected by the winding pattern. 

Nevertheless, the WP effect on cylindrical shells is yet to be fully understood, demanding a 

complete set of experiments and models for a particular structure. Moreover, there is no report in 

the literature dealing with the associated effect between winding pattern and environmental attack 

for FW structures. Therefore, this paper aims at investigating the role of the winding pattern in 

composite cylinders subjected to axial compression load. In addition, the shells were subjected to 

hygrothermal conditioning in distilled water and artificial seawater to understand their influence on 

the buckling, stiffness and axial compression strength of the cylinders. 

 

2. Experimental 

Composite cylinders were manufactured by filament winding, with an inner diameter of 136 mm 

and length of 300 mm. The cylinders have different thicknesses, and the averaged dimensions and 

𝑟/𝑡 ratios are presented in Table 1. Towpregs from TCR Composites based on Toray T700-12K-

50C carbon fiber and UF3369 epoxy resin were used. The windings were carried out with a KUKA 

robot KR 140 L100 with 7 degrees of freedom, using a stainless-steel mandrel. Each cylinder is 

composed of one ±50° angle-ply layer (herewith referred as [±50]FW), and three different WPs have 

been studied, namely 1/1, 3/1 and 5/1, as illustrated in Figure 1(a). Figure 1(b) shows the diamond 

pattern created, and the regular laminate, helical cross-over and zig-zag zone regions [10]. After 

winding, the composite system was cured in an oven with air circulation for 5 h at 130 °C. Then, 

the system was cooled down to room temperature and the cylinder extracted from the mandrel. 
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Figure 1. Produced cylinders with the investigated WPs (a) and winding pattern architecture for a 

particular helical winding (b). 

 

Table 1. Geometric parameters of the cylinders. 

Pattern number Mean thickness (mm) Outer radius (mm) 𝒓/𝒕 ratio 

1/1 0.98 68.96 70.3 

3/1 0.95 68.97 72.6 

5/1 0.82 68.82 83.9 

 

Some of the cylindrical specimens were exposed to hygrothermal conditioning, immersion in 

distilled water or in artificial seawater, both at room temperature. The artificial seawater solution, 

with a salinity of ≈3.5% and pH ≈8.2, was prepared following the recommendations of ASTM 

D1141 - 98(2013) standard. 

The cylinders were dried before conditioning so that the initial moisture would not affect the 

calculated water absorption during conditioning. For drying, the samples were weighed, placed in 

an oven at 110 °C for 24 h, weighed and re-placed in an oven at 110 °C for 3 h. These steps were 

repeated until the samples reached equilibrium (𝑀𝑖). After that, the cylinders were immersed in 

distilled and seawater water at room temperature for 432 h (18 days). 

The mass of the samples was daily monitored. Three samples were used to produce an average mass 

variation The water uptake for thin plates (ratio width/thickness >> 1 and length/thickness >> 1) 

was analytically modelled based on the first and second Fick laws [18], and the apparent diffusivity 

was calculated from the readings of the initial stages of diffusion [4] . 

Axial compression tests were performed in an Instron Universal machine model 3382 at a 

crosshead speed of 2 mm/min. Three cylinders from each family were tested under three different 

conditions: (i) unconditioned, (ii) conditioned with distilled water, and (iii) conditioned with 

artificial seawater. From these tests, both experimental compressive strength and stiffness have been 
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calculated. On one hand, the compressive strength was calculated simply by dividing the ultimate 

compressive load per the cross-section area of the tubes; on the other hand, the stiffness is 

interpolated between two closest points around a displacement level of 1.5 mm. This point is chosen 

since the curve is non-linear in the very beginning of the tests, which is obviously not related to the 

mechanical response of the structure bus instead the accommodation of the cylinder between the 

compressive plates.  

Digital images were obtained by optical microscopy (with a Carl Zeiss microscope) and scanning 

election microscopy (with a Phenon ProX equipment). All data was subjected to statistical analysis 

using a multivariate analysis of variance (multi-way ANOVA) to identify if WP and hygrothermal 

conditioning had a statistically significant effect on water absorption and axial compressive 

properties. A 𝑃 value less than 0.05 means that the factor has a statistically significant effect on the 

data with a confidence level of 95%. In addition, Tukey Honestly Significantly Different (HSD) 

media comparison tests with 5% probability of error were performed. 

 

3. Results and discussion 

3.1 Water uptake 

The measured water uptake as a function of the immersed period obtained for the WPs 1/1, 3/1 

and 5/1, and the Fickian diffusion [19] prediction is shown in Figure 2. Each point represents an 

average of five samples and the vertical bars show the standard deviation around the mean. As can 

be seen, water absorption is dependent on WP. The average water consumption for the distilled 

water and seawater conditioned samples is shown in Table 2. The curves suggest that water uptake 

follows a two-stage diffusion behavior, with an initial period of linearity in a diffusion-controlled 

process (up to ≈100 h) followed by a decrease in absorption rate up to pseudo-equilibrium state 

(until ≈400 h). The behavior from the initial stage to the pseudo-equilibrium state is typical of a 

thermally activated Fickian response, where at longer immersion periods, uptake increases at a 

lower rate due to relaxation of the glass epoxy network, epoxy matrix plasticization, and filling of 

voids and debonded zones with water by wicking [20]. 

In this two-stage model, the first and second stages in diffusion are assumed to be diffusion- and 

relaxation-controlled, respectively. The gradual increase in water uptake in the second stage is 

related to moisture-enhanced structural relaxation. Moreover, as indicated by the Fickian diffusion 

model and experimental observations for both media, the highest water absorption is achieved by 

WP 1/1. The WP 1/1 cylinders have lower number of fiber intercrossing regions due to the presence 

of larger triangular regions. Consequently, this results in less fiber compaction and greater laminate 

thickness (as noted in Table 1). It is a reasonable assumption that the interleaving regions of the 
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fiber tows act to unite the tows reducing voids in the regular laminate. This infers that the cylinder 

with WP 1/1, the regular laminate would have most void regions, which leads to higher 

susceptibility to absorb water. Additionally, the specimens wound with WP of 1/1 have the largest 

rhombs (consequently largest regular laminate areas) amongst all patterns, which may increase the 

diffusion along the fiber direction. According to Karbhari and Zhang [20], in the case of polymer 

composites, which inherently contain defects (especially voids), both absorption and adsorption 

processes are likely to play a role on water uptake, and consequently the term water uptake to 

represent the combination of these processes is more appropriate. The WP 3/1 and 5/1 cylinders had 

lower water absorption than WP 1/1, this behavior can be explained by the reduction of the void 

regions caused by the higher degree of fiber entanglement. However, a pattern of water absorption 

decreases between WP 3/1 and 5/1 was not observed, which shows that a WP 3/1 can produce a 

sufficient level of interlacing and fiber compaction to stabilize the water absorption. From a 

chemical point of view, the difference observed in the water uptake for distilled water and seawater 

(especially for WPs 3/1 and 5/1) may be attributed to the many massive ionic species in seawater. 

Indeed, there are two basic approaches to explain the interaction of water molecules with epoxy: i) 

binding to polar groups or hydrogen bonding sites and ii) clustering, occupying free volume and 

micro-voids of the polymeric resin. Both cases can be affected by the presence of ionic species, 

since the capability of chemical specie to enter into a polymeric material is inversely proportional to 

its size and/or atomic weight [21]. 

 

Figure 2. Water uptake obtained experimentally and Fickian diffusion prediction for the cylinders 

with WP: (a) 1/1, (b) 3/1, and (c) 5/1. 

 

An ANOVA analysis was applied to evaluate the effect of type of medium on water uptake was 

found conditioning on the compressive strength, and no statistically significant influence of the type 

of medium on water uptake was found (p-factor > 0.05). However, artificial seawater was more 

detrimental for WP 1/1, and, for the other two WP’s, distilled water was more detrimental. The 

latter is more expected due to the lower molecular weight of the distilled water compared to several 

salts of higher molecular weight that minimize water diffusion through the carbon/epoxy interface.  
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Table 2. Water uptake and compressive strength for all studied cylinders. 

WP1 Conditioning2 Water uptake (%) 

1/1 

Unconditioned - - - 

Distilled water 3.55 ± 0.32 Aa(3) 

Artificial seawater 3.90 ± 0.26 Aa 

3/1 

Unconditioned - - - 

Distilled water 2.47 ± 0.25 Ab 

Artificial seawater 2.04 ± 0.24 Ab 

5/1 

Unconditioned - - - 

Distilled water 3.15 ± 0.26 Ac 

Artificial seawater 2.88 ± 0.26 Ac 
1 F-value = 6.83, p = 0.0062 
2 F-value = 26.92, p = 0.0000 
3 Same letters, lowercase in the lines and uppercase in the columns have no significant difference according to Tukey 

HSD tests (p <0.05) 

 

3.2 Winding pattern and hygrothermal effects 

 shows experimental curves of load vs. displacement for all cylinders. The shape of all curves are 

similar, indicating that neither the winding pattern nor hygrothermal conditioning drastically 

influences cylinder failure mechanisms. Analyzing the effect of hygrothermal conditioning, both 

distilled water and artificial seawater exposure decrease the maximum axial compressive load. 

Firstly analyzing the influence of the winding pattern on the load vs. displacement curve shapes 

for unconditioned specimens ((a), (d), (g)), it can be seen that the higher the winding pattern, the 

higher the ultimate failure load. Although the ultimate failure loads for WPs 3/1 and 5/1 look 

similar, it is clear that the WP 1/1 has the lowest ultimate compressive load. This behavior suggests 

that the number of intercrossing zones positively influence on preventing cracks to appear and to 

propagate. After the first more pronounced load peak appears, the cylinders start cracking 

progressively along the fiber direction along with delamination; secondly evaluating the behavior of 

the cylinders conditioned in distilled water ((b), (e), (h)), the ultimate failure load for WPs 1/1 and 

5/1 are at the same level, nevertheless WP3/1 has a higher ultimate failure load; then assessing the 

behavior of cylinder conditioned in seawater ((c), (f), (i)), the trend is similar to the conditioned 

cylinders in distilled water, highest ultimate failure load for WP 3/1 and maximum compressive 

load for similar levels for WP 1/1 and 5/1. Although these load versus displacement curves are very 

important for understanding the overall behavior of the cylinders under different scenarios herein 

exploited, they cannot be representative to evaluate both compressive strength and stiffness, since 

the cylinders have different thicknesses and, hence, different cross-section areas. 
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Figure 3. Load versus displacement experimental curves for the cylinders with WP: (a) 1/1, (b) 3/1, 

and (c) 5/1. Load versus experimental curves for the cylinders with distinct winding patterns: 1/1 (a-

c), 3/1 (d-f) and 5/1 (g-i). 

 

Regarding the shape of the curves, progressive failure in the circumferential wavy zones (zigzag 

region – see Figure 1) dominates failure of the cylinders. This behavior is attributed to buckling of 

the shells followed by delamination, which is triggered by local buckling at the zig-zag regions, 

characterized by the multiple minor load drops after the maximum compressive load. Although a 

single-wall shell is herein considered, this delamination-buckling may occur because of a ±𝜑 angle-

ply laminate is formed during the tows deposition and the shell is comprised of two angle-ply sub-

layers. 

Cylinders with WP 3/1 have larger and denser mosaic patterns and greater fiber entanglement, 

which provided the highest axial compression ultimate load. Morozov [14] and Uddin et al. [16] 

also found that the mosaic winding pattern affects the stress and strain behavior of FW structures, 
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however, in their investigations, there was no clear conclusion about the most suitable pattern, but 

instead they reported that the winding pattern is dependent on the loading case and the type of 

structure considered. Here, the best arrangement of triangular units for axial compressive strength 

was found for the WP 3/1, in which the number of regular-laminates and zigzag areas provide the 

best balance postponing crack initiation and propagation. 

In order to normalize the results and compare them in an equal basis, Figure 4 shows the 

compressive strength for all samples are determined by dividing the ultimate load per the cross-

sectional area. A correlation between maximum axial compressive stress and water uptake is 

observed. WP 1/1 conditioned cylinders have the lowest strength and they were the ones with 

highest water uptake, whereas WP 3/1 has higher compressive strength than WP 1/1; and WP 5/1 

has the highest average compressive strength. Nevertheless, the difference in compressive strength 

for WP 3/1 and 5/1 is not statistically significant since their values are within the standard 

deviation. Regarding the influence of the hygrothermal conditioning on their compressive strength, 

only the WP 1/1 shows a clear influence, in which the seawater conditioning decreases the strength 

in about 8% compared to both unconditioned and conditioned in distilled water cylinders, which 

have similar compressive strengths. Although slight variations are observed, all the results are 

within the standard deviation and, therefore, not statistically significant. 

A two-way ANOVA was conducted on the influence of two independent variables (winding 

pattern and hygrothermal conditioning) on the compressive strength of the cylinders. Analyzing 

Figure 4, both showed 𝑝-factor < 0.05, i.e. it is important to consider both parameters in the design 

of FW structures. However, when conducting an ANOVA assessing only the effect of the medium 

on the conditioned samples (i.e. distilled water and artificial seawater), the conditioning medium 

was not statistically significant for the compressive strength (𝑝-factor = 0.9058). 

Figure 5 presents the stiffness for all cylinders in study. For all structures (unconditioned and 

both conditioned), the cylinders WP 3/1 have the highest stiffness. The cylinders with WP 1/1 and 

5/1 have stiffnesses at the same range for both unconditioned and conditioned family of cylinders. 

These results suggest that the stiffness can be affected by the winding pattern, although this 

influence is not very significant. Regarding the hygrothermal conditioning effects, cylinders with 

WP 1/1 has its stiffness reduced by ~9% for both distilled and seawater; cylinders with WP 3/1 

present a reduction of ~7% for the family immerged in distilled water and a stiffness slightly higher 

when under seawater; and for the cylinders with WP 5/1, there was a reduction of the same level for 

both conditionings. 
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Figure 4. Axial compressive strength for all composite cylinders. 

 

Figure 5. Stiffness for all tested filament wound cylinders. 

Assessing both compressive strength (Figure 4) and stiffness (Figure 5), but focusing on the 

environmental conditioning effects, stiffness was more influenced than strength. Although both 

distilled and seawater conditionings do not play a major role on the stiffness of the cylinders, a 

weakening of the fiber/matrix interface due to water absorption was the probable cause of decrease 

in stiffness (the only exception is WP 3/1 under seawater). Furthermore, these results can be well 
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correlated with the water uptake, in which the samples with WP 3/1 absorbed less water than the 

other two patterns. This fact certainly contributes for a better behavior of this pattern in strength 

and, specially, in stiffness. Also, in for both patterns 3/1 and 5/1, the cylinders under seawater have 

a water uptake lower than the ones under distilled water, which also certainly contributes for a 

better mechanical response for the structures subjected to seawater conditioning. 

Photographs of fractured cylinders are shown in Figure 6. Localized buckled areas are identified 

in all cylinders, and in most cylinders they started to buckle at the zig-zag areas, which is a weaker 

region compared to the regular laminate and the helical transition zones (see Figure 1). 

Interestingly, for both conditioned and unconditioned specimens, only in cylinders with WP 3/1 the 

first local buckling takes place at the regular laminate areas. It suggests that the pattern 3/1 has the 

best size of triangular area and number of zigzag (intercrossing) areas, which acts more positively 

on enhancing both stiffness and strength (although in the same level when compared to WP 5/1, it is 

higher than WP 1/1) of the laminates. Nonetheless, the size of triangular units and their distribution 

on the cylinder seems to play a major role rather than the number of zigzag regions. 

The maximum load carrying capacity (the load peak in ) is reached just before localized buckling 

takes place in each case and, after that, small-buckled areas are identified, which are responsible for 

the subsequent load drops observed in the load vs. displacement curves. In all cases, a pronounced 

dimple is observed when the cylinders reached their major peak load (see Figure 6(a-i)). Cracks 

propagated out from this dimple following the major and minor zig-zag regions. These cracks 

extended through the thickness and along the fiber direction at the regular laminate areas of the 

cylinders. In addition, while the cylinders were loaded, no audible sounds were heard, indicating 

that no material failure has been identified before the first peak was achieved, which is clearly local 

buckling for all cylinders. Although the physical location of the local buckling and the magnitude 

varied for the different cylinders here analyzed, the failure mode is expected to be similar for all 

specimens, since the geometrical characteristics of all cylinders are similar. Since buckling is 

mostly affected by geometrical characteristics, it can be ensured that all cylinders initially, buckled 

locally, followed by delamination. At all, it can be inferred that the zigzag areas are barriers to crack 

propagation. 

Digital images were taken in the buckled areas of the cylinders and are displayed in Figure . 

Delamination associated with the buckling areas was clearly observed in all cylinders. The, via 

these micrographs, it is also observed that the cylinders failed predominantly by delamination-

buckling and the failure modes were readily correlated with the load-displacement curves, in which 

successive load drops refer to secondary delaminations. 
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Figure 6. Post-test visual aspect of the cylinders (unconditioned or conditioned) with distinct 

winding patterns: 1/1 (a-c), 3/1 (d-f) and 5/1 (g-i). 

 

Figure  shows representative images obtained by scanning election microscopy (SEM). Stronger 

fiber/matrix adhesion is observed for the unconditioned sample (Figure (a)), where delamination 

occurred at the interface of two sublayers, since the fiber/matrix interface is mostly affected by the 

conditioning. Moreover, the samples conditioned in distilled water (Figure (b)) and artificial 

seawater (Figure (c)) show delaminated areas, but the conditioning did not really change the failure 

mode, as previously observed in macroscopic images. In addition, it is possible to visualize the 

formation of horizontal cracks, also corroborating previous results. 
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Figure 7. Digital micrographs of fractured samples (unconditioned or conditioned) with distinct 

winding patterns: 1/1 (a-c), 3/1 (d-f) and 5/1 (g-i). 

 

 

Figure 8. SEM micrographs of samples with 1/1 WP: (a) unconditioned, (b) conditioned with 

distilled water, and (c) conditioned with artificial seawater 

 

4. Conclusions 

In this study, the effect of winding pattern on the axial compressive behavior of filament wound 

composite cylinders subjected to distilled water and seawater conditionings was experimentally 
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evaluated. Water uptake stabilized after an immersion time of 100 h. After 400 h, it reached 2.04-

3.90% for the different patterns, and the highest value was found for cylinders wound with 1/1 

winding pattern, which was credited to the lower degree of interweaving among tows, which allows 

higher water absorption. Water uptake was expected to have a relatively stronger influence because 

off-axis laminates were used, in which both matrix and fiber/matrix interface play a more important 

contribution to the overall mechanical response of the structure. 

In addition, it was experimentally demonstrated that both compressive strength and stiffness are 

sensitive to the winding pattern, where two main conclusions can be taken: regarding i) strength, the 

higher the winding pattern, the higher the average compressive strength, although the difference on 

strength between cylinders with WP 3/1 and 5/1 are within the error; and about ii) stiffness, the 

highest stiffness was found out for cylinders with WP 3/1. Summing up, it can be concluded that the 

best winding pattern for both axial compressive strength and stiffness is 3/1, independently of the 

environmental conditioning. 
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