

  jmse-11-01251




jmse-11-01251







J. Mar. Sci. Eng. 2023, 11(6), 1251; doi:10.3390/jmse11061251




Article



Effect of Void Content on the Mechanical Properties of GFRP for Ship Design



Jaewon Jang 1[image: Orcid], Maydison 1[image: Orcid], Yeonjun Kim 1, Zhiqiang Han 2,*[image: Orcid] and Daekyun Oh 3,*[image: Orcid]





1



Department of Ocean System Engineering, Graduate School, Mokpo National Maritime University, Mokpo 58628, Republic of Korea






2



School of Naval Architecture and Maritime, Zhejiang Ocean University, Zhoushan 316022, China






3



Department of Naval Architecture and Ocean Engineering, Mokpo National Maritime University, Mokpo 58628, Republic of Korea









*



Correspondence: hzq910413@zjou.edu.cn (Z.H.); dkoh@mmu.ac.kr (D.O.); Tel.: +82-61-240-7318 (D.O.)







Academic Editor: Vincenzo Crupi



Received: 9 May 2023 / Revised: 30 May 2023 / Accepted: 16 June 2023 / Published: 19 June 2023



Abstract

:

Defects such as voids in composite materials often degrade the mechanical properties of laminates. Even if these materials are manufactured based on the design requirements, there is a possibility of instability occurring in these composite structures. In this study, several prototypes were developed based on changes in composite ship design conditions (glass fiber weight fraction and fabric combination type) using a hand lay-up approach. The fabrication quality was quantitatively defined using the burn-off test, and statistical analysis was performed. A combination of chopped strand mat and woven roving material laminates possessed relatively less void content in the entire glass content (Gc) region (30–70 wt%) compared to a chopped strand mat single-material laminate. The effect was more pronounced in the high-Gc region (50–70 wt%) than that in the normal-Gc region (30–50 wt%). The composite hull plate can be designed seamlessly according to changes in fabrication quality. To ensure safety, the thickness of the laminate must be greater than that specified in the ISO standards, regardless of the combination type in the normal-Gc region. As a result of the void content considered, the flexural strength in the single laminate decreased by 15.02%. Furthermore, 3.33% of the flexural strength calculation decreased in the combined laminate compared to that in the ISO rules. Thus, a single CSM material can be designed to be thicker than a combined-material laminate with the same Gc, while considering the void content on the mechanical properties.
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1. Introduction


In fiber-reinforced plastic (FRP) laminates, manufacturing characteristics and environments are the primary causes of inner defects, such as porosity, voids, and delamination. The volume occupied by a void is considered to possess “zero property”, that is, no mechanical strength and zero density [1]. Inner defects can significantly degrade the mechanical properties of FRP laminates, such as the tensile strength [2], flexural strength [2], interlaminar shear strength [2,3,4], and compressive strength [5]. In addition, when an FRP structure is subjected to load or fatigue load, inner defects, especially those at the interface, can increase delamination [6,7]. When delamination growth is induced by inner defects, the fatigue strength of the FRP laminate decreases (Figure 1) [8,9,10,11]. Furthermore, prolonged exposure to a sea environment can increase the possibility of structural failure [12,13,14].



Inner defects such as voids in FRP laminates can occur because of several factors, and it is difficult to identify and suppress each of these factors beforehand. This is because defects can be caused by environmental factors, such as temperature and humidity, during production, and other factors such as the proficiency of the laminate manufacturer, manufacturing method, type of reinforcing material used, and viscosity of the base material. To reduce such inner defects, several studies have analyzed the void content (volume content) for different lamination methods [16,17] and lamination sequences [18]. Sophisticated quality inspection methods such as ultrasonics, infrared thermography, shearography, and radiography are primarily used for relatively thin composite structures in the aerospace industry [19].



For composite ships, the laminate thickness is relatively larger than that in other fields; the value is in the range of 5–20 mm (Figure 2a). For naval and cost ships, the laminate thickness is in the range of a few tens of millimeters [20]. However, in the field of FRP shipbuilding, simple visual inspection is still widely used, and no special high-precision inspections are required.



The hand lay-up method (Figure 2b) is the most widely adopted manufacturing method, and is preferred over vacuum assisted resin transfer molding (VARTM) and infusion methods [22,23,24]. When this method is adopted for manufacturing composite ships, a higher amount of resin is used compared to composites used in other fields [24], which can generate a relatively large amount of void content [3]. Furthermore, the FRP laminates used in composite ships tend to be thicker because these ships are manufactured in small shipyards [25,26]; therefore, the possibility of inner defects such as voids is relatively high.



The quality of laminates can help to improve the safety of composite ships, which can be achieved by enhancing the manufacturing environment and the aforementioned method. However, these changes are accompanied by considerable economic burden. Therefore, understanding the uncertainty related to manufacturing quality considering various design conditions in the design stage is necessary to effectively improve the stability of FRP ships. Despite such uncertainties, shipyards are highly experienced in combining two types of fabrics to fabricate laminates, which are known to result in better quality and performance.



In the recently updated ISO standard 12215 [27], fabric combination, building quality factor, and assessment method factor were added as design factors for designing the hull plate. These factors assign specific weights to the quality based on the impregnation rate and the presence of the tested material. Apart from these factors, other design variables also affect production quality [25,26]. Thus, the classification society rules for ship design, construction, and inspection have not reflected these design elements [28,29,30,31].



In this study, we aim to quantitatively analyze the impact of variations in common design conditions such as Gc and fabric combination on the fabrication quality of laminates. To achieve this, laminates consisting of a single fabric and laminates combining two different fabrics were fabricated according to variations in Gc, and the inner defect and void content were measured. Thus, we proposed a design direction for composite ship structures by considering the effects of such design condition variations on inner defects.




2. Methodology


2.1. Composite Ship Design Condition and Variable Determination


The thickness of the laminate of composite ship structures is determined based on vessel displacement, speed, division of structures, spacing of stiffeners, design pressure, and other mechanical properties such as the strength of the composite laminate. The mechanical properties of composite structures are useful for determining the thickness because they directly affect structural safety. Design conditions that determine the strength of these composite structures include variables such as the type of fiber, reinforcement form, and glass fiber content (glass fiber weight fraction, Gc) [25].



The glass fiber content, Gc, helps to determine the strength of GFRP structures. In the rules, the Gc for developing GFRP structures is restricted to the range 30–70 wt% [28,32]. Figure 3 shows the relationship between Gc and the strength presented in the FRP ship structure design rule provided by the ISO international standard [27,33] and the rules of classification society [28,29]. The blue line in Figure 3 represents the ASTM D 790 [34] test result of the actual GFRP laminate manufactured in accordance with the design conditions. The figure shows the strength estimation based on the rules and the actual experimental results for the correlation between the weight fraction and strength of the glass fiber [35].



As shown in Figure 3, the equations for estimating the physical properties presented in the regulations confirm that the mechanical properties of the laminate increase with Gc. Using this physical property estimation formula, Gc is increased to improve the structural safety of the hull plate, which reduces the overall weight and enables an eco-friendly structure [25,35]. However, these outcomes can only be achieved when considering the assumption that the GFRP laminate is fabricated according to the design requirements. A comparison of the theoretical physical property estimation equation and the experimental results indicate that the experimental results for the specimens prepared by mixing 450 g of chopped strand mat (CSM) and 570 g of woven roving (WR) per unit area are better than those obtained using the estimated formula. The physical property estimated according to the regulations considers a certain level of safety margin. In addition, it is extremely difficult to control the void, which is the inner defect of the FRP laminate. Therefore, FRP laminates in shipbuilding typically contain less than 3% voids [3]. However, unlike the physical property estimation formula, the experimental results using 50 wt% Gc show that the flexural strength decreases rather quickly. This is because the amount of glass fiber increases and the amount of resin decreases. In addition to voids in the laminates, resin-starving also leads to inner defects, which result in the further deterioration of the physical properties. Thus, the fibers in the laminate are widened and inner defects such as voids occur, which further degrade the physical properties. Therefore, the quality of the laminate is closely related to the strength, and a building quality factor based on the recently revised ISO 12215 is introduced to ensure the quality of the laminate. The weight of the property estimation formula based on quality is presented accordingly. However, this factor is integrated without considering that the quality of the laminate can change when Gc increases [27]. Thus, it is necessary to confirm the change in the inner defect according to Gc.



Material combination is another important design variable. Materials such as carbon fiber and glass fiber are commonly used in composite ships. Although carbon fiber has been studied recently for use in special purpose vessels such as luxury yachts and ships due to its high strength and ultra-lightweight properties [37], E-glass fiber is still preferred. A combination of CSM and WR E-glass fibers are typically used; however, a single CSM fabric is used in small ships [38]. The physical properties of the laminate may vary depending on the orientation of the fabric used in the FRP laminate [39,40]. Although WR fabrics can improve the physical properties to a certain extent, the quality of the laminate varies based on the combination of fabrics used, which results in a difference in the physical properties [7,41]. Figure 3 shows that, according to the recently revised ISO standard (2019), the physical properties of composite laminate materials are estimated in accordance with the weaving method and fabric combination. However, these factors have not yet been incorporated into the rules of other classification societies [25]. In fact, there are various types of inner defects besides voids, but they are not explicitly addressed, and the fabrication method and types of fabric are applied to the design as coefficients and margins. The quantity of fiber has the greatest impact on thickness determination, and void content can influence it. Therefore, in this study, void content is defined as an inner defect, and the void content measured through the burn-off test was assumed as the scale.




2.2. Review and Determination of FRP Laminate Manufacturing Defect Confirmation Method


The methods used for checking defects inside the laminate are categorized into nondestructive and destructive testing methods. The former includes X-ray computed tomography (CT) and ultrasonic testing, while the latter includes the burn-off test and serial sectioning. The advantages and drawbacks of various testing methods are summarized in Table 1, which indicates that the burn-off test is superior in terms of time and accuracy [4,42].




2.3. Research Method


According to the findings in Section 2.1 and Section 2.2, a hull plate was manufactured based on the design of laminate structures and the fabrication conditions of small vessels less than 24 m and 20 tons; these vessels possess the highest occupancy rate among GFRP ships. Two different groups were designed: a single-material laminate using only CSM and a combined CSM and WR laminate. The Gc varied in the range of 30–70 wt%, which is the actual use area, and the hand lay-up method was adopted to manufacture the small vessel. It is relatively easy to measure the inner defects in the GFRP hull plate using the burn-off test method recommended by the ISO international standards [27]. The main objective of this experiment was to generate and quantify voids in accordance with ISO guidelines. In other words, the quantity of defects generated inside the laminate manufactured according to the design conditions was measured using this approach [45].



The amount of void content generated according to the change in Gc and fabric combination was analyzed statistically. The void content according to the Gc change for the single- and combined-material groups was analyzed using the analysis of variance (ANOVA) approach [46]. Furthermore, this content was analyzed using the analysis of covariance (ANCOVA) [46], and in this approach, the Gc, which changes simultaneously in both groups, was set as the covariance.



In addition, a design method was proposed based on the physical property estimation formula presented in ISO 12215 to clearly understand the change in fabrication quality according to the change in Gc and fabric combination in the design stage.





3. Design and Manufacture of GFRP Laminate According to Gc and Fabric Combination Changes


The materials used for fabrication included E-glass fiber, which is a combination of CSM (450 g/m2) and WR (570 g/m2), and polyester, which was used as the resin [47,48]. The relative densities of materials constituting the laminates were measured using a hydrometer [49]; all fibers were 2.62 g/cm3 and the cured polyester resin was 1.22 g/cm3. E-glass fiber attained a tensile strength of 3.75 × 102 MPa. The information regarding the designed laminates is summarized in Table 2 and Table 3. The fabricated laminates were cut with a waterjet into 30 mm × 30 mm specimens for a burn-off test to check for internal defects (Figure 4). There was a slight difference in the design Gc of the two groups. This was caused by the difference in weight per unit area of the two fabrics, CSM and WR, and thus, the Gc of the two groups could not be equalized.




4. Verification of Laminate Quality According to Gc and Fabric Combination Change as per Burn-Off Test


The burn-off test was adopted to identify the internal defects in the GFRP laminate. In single- and combined-material specimens, five specimens were analyzed according to all Gc values, and a burn-off test was conducted on a total of 50 specimens. The burn-off test was conducted based on the ASTM D3171 standards [50], and the furnace [51] was heated to 600 °C and burned for approximately 2 h. After cooling in a desiccator, the weight was measured, and additional burning was performed for 30 min until the change in weight was within 0.001 g. Finally, the polyester was burned and the weight of the remaining fiber was measured accordingly. The results of Gc and void content according to the burn-off test are summarized in Figure 5. The glass content (Gc, wt%) and void content (Vv, %) of each specimen were, respectively, calculated using [50].


   G c  =  M f  /  M i  × 100 ,  



(1)






   V v  =   1 −  M f  /  M i  ×  ρ c  /  ρ f  −    M i  −  M f    /  M i  ×  ρ c  /  ρ r    × 100 ,  



(2)




where Mi and Mf are the weights of the specimens before and after calcination (g),    ρ f    represents the density of the glass fiber (g/cm3),    ρ r    represents the density of the resin matrix (g/cm3), and    ρ c    represents the density of the laminate (g/cm3).



The burn-off test results confirmed that a void content less than 3%, which is generally present in the normal-Gc (30–50 wt%) range, was present in both groups regardless of the fabric combination. However, in the high-Gc range (50–70 wt%), the void content varied according to the fabric used. For the single-material specimens, the void content increased rapidly from 50 wt% of Gc, and in the case of combined-material specimens, a void content of over 3% was present for 60 wt% of Gc. This indicates that the void content increases faster with the increase in Gc for the single-material specimen compared to that for the combined specimen.



This is because the value of Gc can be more easily increased in the combined-material specimens than in the single-material specimens using only CSM, and this may further reduce the number of plies [16]. Moreover, it was confirmed that the measured Gc was slightly different from the designed Gc in the high-Gc region in both groups. It was difficult to maintain a high Gc because the hand lay-up method was adopted.




5. Analysis of the Correlation between Gc, Fabric Combination Type, and Laminate Quality


The void content of the GFRP laminate was analyzed according to the change in Gc and fabric combination by using ANOVA and ANCOVA techniques to examine whether the results of the burn-off test were statistically significant. The statistical analysis results revealed that the correlation between Gc, fabric combination, and fabrication quality was determined using statistical methods.



5.1. Impact of Gc on Laminate Fabrication Quality


In the ANOVA analysis, the void content of all Gc values in the two groups satisfied the normality and homogeneity of variances. For each group of single- and combined-material specimens, the ANOVA analysis was conducted for each Gc level, and the results are summarized in Table 4 and Table 5. For single- and combined-material specimens, the degree of freedom was (4, 20), and the critical value of F was 2.87 for a significance level of 0.05. According to the ANOVA results, the F-value for the single-material specimens was 61.36, which was greater than the critical value of F (2.87). The p-value was 6.04 × 10−11, which was less than the significance level of 0.05. Furthermore, each Gc level has at least one level of void content, and it was observed that the averages were different. In the case of the combined-material specimens, the F-value was 22.1 and the p-value was 4.18 × 10−7 according to the ANOVA table.



In both groups, the difference in the high-Gc region was larger than that in the normal-Gc region because it was difficult to fabricate a good-quality high-Gc laminate using the hand lay-up method. The void content varies according to the change in Gc level, and, therefore, the Gc of the two fabric combinations has a significant effect on the fabrication quality.



A post hoc test [52] was conducted to determine the groups of single and combined species in which the Gc value varied. In this case, the post hoc test method allows a pairwise comparison of all groups because the number of samples to be compared is the same. A significance level of 0.05 is used throughout the Tukey method [52], which is a pairwise post hoc test method. The test and grouping results are presented in Figure 6 and Table 6, respectively.



Table 6 shows that the specimens are classified into four groups according to the average difference in void content by Gc. Group A consists of specimens with good laminate quality and a void content of 0–3% [3], group B is a normal group with a void content of 3–5%, group C is a poor group with a void content of 5–10%, and group D consists of specimens with a Gc greater than or equal to 10% and is marked as being a very poor group. For specimens with Gc in the range of 60–65 wt%, the single- and combined-material specimens possess good and normal fabrication quality. However, the fabrication quality of the Gc 70 wt% single-material and combined-material specimens is very poor. Thus, these values can be considered to be statistically significant. These outcomes suggest that the effect of Gc on void content is not significant in the low-Gc regions, and in the case of high Gc, the effect of Gc on void content is greater.




5.2. Analysis of the Relationship between Fabric Combination and Laminate Fabrication Quality


The effect of change in the fabric combination of GFRP laminates on the fabrication quality was analyzed. The ANCOVA method was used because Gc has a significant effect on void content; furthermore, Gc was set as the covariance when analyzing the relationship between fabric combination and void content.



ANCOVA is a blend of ANOVA and regression. When using the ANCOVA technique, the normality test and homogeneity of variances must be satisfied, in addition to two other preconditions. Furthermore, the linearity of regression between the covariance and the dependent variable and the homogeneity of the regression slope must also be satisfied. The correlation between the fabric combination and void content was identified while checking the preconditions.



The normality test and homogeneity of variances were previously satisfied, and the additional preconditions were analyzed. Pearson’s correlation analysis was performed to confirm whether there was a linear relationship between Gc and the void content to verify the linearity between the covariance and the dependent variable. The analysis results are presented in Figure 7. The correlation coefficient (ρ) of single-material specimens was confirmed to be 0.74, and for the combined specimens, ρ was 0.72, which confirmed that both groups had a strong linear relationship. These results indicate that the effect of Gc on void content is statistically significant. In addition, a regression model was added to the results of the correlation analysis for each of the two fabric combinations to check whether the homogeneity of the regression slope was satisfied (Figure 7). The coefficient of determination (R2) was 0.54 and 0.52, respectively, and as a result, the regression model was statistically significant. However, it can be inferred that there is an interaction between Gc and the independent variable fabric combination (Figure 7 and Table 7).



Table 7 confirms that a change in the fabric combination has a significant effect on void content (F-value 6.92; p-value 0.0116). However, the effect of the fabric combination on the void content cannot be identified collectively in the entire Gc region because the trend of change in the void content of the two fabric combinations according to Gc, which is the covariance, is different and there is a certain interaction.




5.3. Analysis of the Relationship between Fabric Combination and Laminate Fabrication Quality Based on the Gc Region


In general, for Gc values equal to or greater than 0.5, it is difficult to maintain the fabrication quality when manufacturing GFRP hull plates [22,39]. For hull plate manufacturing, the Gc values in the normal-Gc region (30–50 wt%) are more commonly applied [20,23,24]. In addition, to investigate the effect of the fabric combination on the void content results, the Gc values were divided into two groups: normal Gc (30–50 wt%) and high Gc (50–70 wt%).



The corresponding data of the classified Gc regions were re-analyzed to confirm that they sufficed the precondition of ANCOVA. For the homogeneity of variances, all conditions were assumed to be satisfied. In addition, Pearson’s correlation analysis for the void contents classified into each section (ρ = 0.65–0.96, Figure 8) confirmed that linearity was satisfied. Therefore, it was confirmed that the normal-Gc interval satisfies the homogeneity of the regression slope at a significance level of 0.05 (significance level: 0.05; p-value = 0.80). Therefore, it can be inferred that the regression slopes were different from each other (significance level: 0.05, p-value = 3.55 × 10−7).



The outcomes of the aforementioned analysis confirm that the interaction occurred in the high-Gc region. However, the slopes of both models show an increasing trend. Therefore, for the high-Gc region, the significance of the void content according to the change in the Gc and fabric combination can be evaluated by determining the significance of the void content for 50 wt% specimens with Gc, which exhibits the smallest difference between the regression line slope and the two regressions. In the normal-Gc region, ANCOVA analysis can be performed directly.



The void content regression slopes according to the changes in Gc in the normal-Gc and high-Gc regions were compared. In the normal-Gc region, the slopes of the regression models of the two groups are similar and tend to increase even with a small increase in Gc. However, in the high-Gc region, the slope of the regression model of the single-material specimens was greater than that of the combined-material specimens by a factor of 6.46. This implies that the increase in void content in single-material specimens is greater than that in combined specimens, as Gc increases by a factor of 6.46. These results are the reason why the interaction occurred when the void content was analyzed for all of the sections in Figure 7.



We also checked whether there was a significant difference in the predicted value of void content based on the change in the fabric combination in each Gc region. For the normal-Gc region, when the Gc is at 30 wt% according to the regression model of the single- and combined-material specimens, approximately 15% lower combined specimens were found compared to the single-material specimens; the difference was also significant (significance level: 0.05, p-value = 0.00306). For the high-Gc region, the slopes of both regression models exhibited an increase, and, therefore, the Gc with the smallest difference between the two regression models determines the significance of the void content of 50 wt% specimens. Therefore, the significance of the void content was evaluated based on the change in fabric combination. These results confirm that the difference (1.65%) in each void content of the single- and combined-material specimens was statistically significant (significance level: 0.05, p-value = 0.011).



Thus, the analysis results of fabric combination and void content in the normal- and high-Gc regions confirm that the decrease in the void content is more statistically significant for the combined-material specimens than for the single-material specimens in both regions. For the high-Gc region, there was a significant difference in voids generated according to the change in the fabric combination. Figure 9 shows the dimensionless results obtained by normalizing the analysis results from Figure 8 using the fiber content guidance based on fabric types proposed in ISO 12215 (2019). In ISO 12215 (2019), a default value of 0.3 is suggested for CSM, and when CSM and WR are combined, a default value of 0.410 is proposed for Gc. As observed in Figure 9, even when considering the characteristics of fabric types, the Gc/ISO Gc guidance exhibits significant deviation of approximately 1.5. In particular, for single-material specimens using only CSM, there was a noticeable deviation from the ISO recommendation in the region beyond 1.5. Once again, the decrease in void content due to fabric combination was confirmed.





6. Design Direction for Composite Hull Structure According to Fabrication Quality


The analysis of the manufacturing quality (void content) based on changes in Gc and fabric combination confirmed that they were statistically significant. Previous studies confirmed that defects such as voids directly affect the physical properties of the laminate. In this chapter, considering the effect of these voids on physical properties, we will discuss the design direction based on fabrication quality. We used the hull plate thickness design and physical property estimation formulas presented in the ISO international standard for the analysis [27]. Equation (3) is the estimation formula of the required thickness of the hull plate presented in the ISO international standard, and it considers the flexural strength when designing the main structural material. However, if the thickness decreases, rigidity issues may exist that require longitudinal strength evaluations to be conducted. In this study, the analysis focused solely on the thickness, excluding these considerations. In this paper, it is explained by the change in flexural strength based on the void content.


   T p  = b ×  k c  ×     P ×  k  2 b     1000 ×   0.5 ×  R  m f          



(3)




where b, kc, k2b, P, and    R  m f     represent the short dimension of the design area (m), curvature correction factor, coefficient of the long dimension/short dimension ratio of the design area, design pressure (kN/m2), and flexural strength of the laminate, respectively.



According to Equation (3), the required thickness of the hull plate increases when the flexural strength of the laminate decreases. When defects such as voids occur in the GFRP laminate, the flexural strength decreases because this part is manufactured using a Gc value lower than the designed value, given that it additionally occupies the volume as an empty air pocket. In accordance with this correlation, we analyzed how it is more reasonable to design according to the void content in the entire Gc region. Therefore, Gc, which is the weight ratio of fibers defined so far in this chapter, was converted into a volume ratio, and then it was analyzed by estimating the flexural strength presented in the ISO regulations. This is because the void content is the total volume ratio of the space composed of empty air pockets that excludes the solid space of fibers and resins in the composite material laminate.



Parameters for the comparative analysis of the flexural strength estimation formula of the ISO international standard were selected for the two types of fabric combinations, single and combined, and the 30.00 wt% Gc range and 60.00 wt% Gc range were used. A Gc of 30.00 wt% (16.64 vol%), which is used for manufacturing primary structural materials such as hull plates of small ships, was achieved using the hand lay-up method. A Gc of 60.00 wt% (41.12 vol%) was used for the production of substructural materials such as stiffeners. Thus, the value of Gc according to the void content was also calculated.



For a Gc of 30 wt%, the void contents of 1.46% and 1.25% were applied for the single and combined material in accordance with the regression analysis formula for each fabric combination (Figure 8), respectively. For the 60 wt% Gc, which exists in the high-Gc region, the void contents of 20.21% and 3.79% were applied for the single and combined materials, respectively. The results of the comparison of Gc before and after considering the void content are presented in Table 8, and the estimation results for the flexural strength are illustrated in Figure 10.



Table 8 indicates that, in the case of Gc at 30 wt%, the change in Gc was 0.37% for the single-material laminates and 0.32% for the combined-material laminates. Furthermore, a very small decrease was confirmed. For Gc at 60 wt%, the single- and combined-material laminates decreased by 4.21% and 1.51%, respectively. In other words, the case of Gc at 30 wt% remained almost the same regardless of the fabric combination change. However, the decrease in Gc for the single-material laminate in the case of Gc at 60 wt% was greater than that for the combined-material laminate by a factor of 4.6.



Figure 10 shows that, unlike ISO 12215 (2008), ISO 12215 (2019) estimates have different physical properties according to the change in fabric combination. Furthermore, it suggests a higher flexural strength of the laminate. The effect of the change in Gc according to the difference in the void content on the flexural strength is the same in normal Gc, as evident from the analysis results of the changes in Gc. However, for the case of 30 wt% Gc, the strength decreases by approximately 15% and 3% for the single- and combined-material laminates. Furthermore, the strength decreased according to the fabric combination by a factor of five.



Therefore, it can be inferred that there are no significant changes in the case of Gc with a 30 wt% laminate, even if it is manufactured according to the design regulations. However, in the case of Gc at 60 wt%, the value can vary based on the design regulations, which result in safety issues post-manufacturing. To overcome this issue, the effect of void content on the strength must be considered in the design stage, and it is necessary to design the required thickness in accordance with the design regulations. Therefore, if the same Gc conditions are used, a laminate composed solely of CSM should pay more attention to the effect of void content on fabrication quality, and it also requires considering a higher safety margin compared to a laminate combined with WR.




7. Conclusions


In this study, fabrication defects caused by changes in Gc and the fabric combination when designing the GFRP laminate of the composite ship were analyzed. The design direction of the composite hull plate in accordance with the fabrication quality was proposed. In the entire Gc region, the combined-material laminate showed less void content than the chopped strand mat single-material laminate; the effect was more pronounced in the high-Gc region than that in the normal-Gc region. The statistical analysis results confirmed that the difference in void content caused by the change in fabric combination was statistically significant in the entire Gc region.



The design direction was presented in accordance with the void content based on the ISO international standard (2008, 2019). In the normal-Gc region, there were no safety issues even if the laminate was designed according to the specified rules regardless of the change in fabric combination. However, in the high-Gc region, the laminate was manufactured using the hand lay-up approach in accordance with the specified design rules. A laminate with a higher thickness than that specified in the design rules is more suitable because of the safety issues. Thus, the single-material laminate should be designed such that its thickness is greater than that of the combined-material laminate. This is because a single-material laminate possess a maximum void content of 14%, which is twice as large as that of a combined-material laminate.



In particular, for composite ships such as fishing boats, work boats, yachts, and special purpose vessels, more cost is invested in the production process rather than the design process, and in reality, the rules are also focused on inspecting fabricated structures. Through the results of this study, it was confirmed that the quality of the primary structure, the hull laminate, is affected by the design conditions even when the production conditions are the same. Material design conditions such as the Gc range and fabric combination widely used in yards affect the quality of the laminate fabrication. Although a design factor for fabrication quality has been added in the current ISO international standards (2019), it is routinely applied only with a constant weight according to the change in the fabrication method, regardless of the change in the Gc and fabric combination. Therefore, based on the results of this study, it can be inferred that it is more effective to apply weights according to the impact of design conditions, such as Gc, fabric combination, and the fabrication method, on the quality of laminate. Furthermore, a separate design for each fabric combination was found to be more effective in the high-Gc region than that in the normal-Gc region.
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Figure 1. (a) Void of UD carbon/epoxy laminate (void content: 7.4%, 2.1%) reproduced from Mehdikhani et al. (2019) ([15], Figure 9); (b) FRP laminate delamination reproduced from Antony et al. (2018) ([7], Figure 6). 






Figure 1. (a) Void of UD carbon/epoxy laminate (void content: 7.4%, 2.1%) reproduced from Mehdikhani et al. (2019) ([15], Figure 9); (b) FRP laminate delamination reproduced from Antony et al. (2018) ([7], Figure 6).
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Figure 2. (a) Hull laminate design example; (b) hand lay-up process, reproduced after Gurit (n.d.) ([21], Figure 6.2). 
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Figure 3. Variation in laminate strength with Gc determined by international rules and material tests: (a) three-point bending test [36]; (b) international rules and flexural strength test results [24,27,28,33,35]. 
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Figure 4. GFRP laminate specimens—fabrication and cutting. 
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Figure 5. Burn-off test results and detailed comparison of specimens with normal and high Gc. 
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Figure 6. Pairwise post hoc test results according to the Tukey method: (a) single-material specimens; (b) combined-material specimens. 
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Figure 7. Scatterplots for analyzing the void content (single- and combined-material groups). 






Figure 7. Scatterplots for analyzing the void content (single- and combined-material groups).



[image: Jmse 11 01251 g007]







[image: Jmse 11 01251 g008 550] 





Figure 8. Correlation and regression analysis for the void content for the normal and high-Gc regions. 
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Figure 9. Void content for normal and high-Gc regions according to the ratio of the experiment’s Gc over the ISO12215-5 guidance Gc. 
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Figure 10. Effect of voids on flexural strength (based on [27,33]). 
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Table 1. Comparison of internal defect inspection and characterization methods of FRP laminate [4,42,43,44].
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	Method
	Characteristics





	X-ray CT
	
	-

	
High cost and safety problems for inspectors (−)




	-

	
High time consumption (−)




	-

	
Efficiently examines the interior of samples (+)




	-

	
Morphology and distribution can be obtained in addition to global void content (+)




	-

	
Sample must be removed from the structure (−)









	Ultrasonic testing
	
	-

	
Low time consumption (+)




	-

	
Low precision (+)




	-

	
Requires samples with different levels of porosity (−)




	-

	
Relationship between porosity level and attenuation is not necessarily linear but depends on many other parameters (−)









	Serial sectioning/

Image analysis
	
	-

	
A large number of images may be analyzed, and thus reliable information such as amount, distribution, and shape of porosities may be obtained (+)




	-

	
High time consumption (−)




	-

	
High precision (−)




	-

	
Errors depend on the number of pixels (−)




	-

	
Limited by small sample size of many sections to be representative (−)









	Burn-off test
	
	-

	
Easy implementation (+)




	-

	
Accurate Gc calculation (+)




	-

	
Volume of fabrication defects in laminate can be considered (+)




	-

	
Caters to ISO 12215 standards to measure Gc
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Table 2. Design details of single-material laminates.
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	Design Gc (wt%)
	Laminate Schedules
	Tsingle (mm)
	Tdesign (mm)





	30.00
	CSM   ×   5  
	1.03
	5.15



	40.00
	CSM   ×   7  
	0.72
	5.04



	50.00
	CSM   ×   9  
	0.54
	4.86



	60.00
	CSM   ×   12  
	0.41
	4.92



	70.00
	CSM   ×   15  
	0.33
	4.95







Tsingle: the average thickness of a single ply, Tdesign: the thickness of the laminate by the formula.
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Table 3. Design details of combined-material laminates.
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Design Gc (wt%)

	
Laminate Schedules

	
Tsingle (mm)

	
Tdesign (mm)




	
CSM

	
WR






	
33.00

	
(CSM + WR)   ×   2  

	
1.03

	
1.04

	
5.15




	
44.00

	
(CSM + WR)   ×   3  

	
0.72

	
0.74

	
5.04




	
54.00

	
(CSM + WR)   ×   4  

	
0.54

	
0.54

	
4.86




	
65.00

	
(CSM + WR)   ×   5  

	
0.41

	
0.42

	
4.92




	
70.00

	
(CSM + WR)   ×   6  

	
0.37

	
0.37

	
4.95








Tsingle: the average thickness of a single ply, Tdesign: the thickness of the laminate according to the formula.
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Table 4. One-way ANOVA results for the single-material specimens.






Table 4. One-way ANOVA results for the single-material specimens.













	
	Sum of Squares
	Degree of Freedom
	Mean Squares
	F-Value
	p-Value





	Between groups
	341.85
	4
	85.46
	61.36
	<0.001



	Within groups
	27.86
	20
	1.39
	
	



	Total
	369.71
	24
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Table 5. One-way ANOVA results for the combined-material specimens.
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	Sum of Squares
	Degree of Freedom
	Mean Squares
	F-Value
	p-Value





	Between groups
	62.78
	4
	15.70
	22.11
	<0.001



	Within groups
	14.20
	20
	0.71
	
	



	Total
	76.98
	24
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Table 6. Grouping information using the Tukey method and 95% confidence. (a) Single-material specimens. (b) Combined-material specimens.
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	(a) 

	
Single-Material Specimens










	
Factor

	
Means

	
Grouping (a)




	
30 wt%

	
1.52

	
A

	

	

	




	
40 wt%

	
1.79

	
A

	
B

	

	




	
50 wt%

	
1.93

	
A

	
B

	

	




	
60 wt%

	
3.77

	

	
B

	

	




	
70 wt%

	
11.28

	

	

	

	
D




	

	(b) 

	
Combined-material specimens










	
Factor

	
Means

	
Grouping (a)




	
33 wt%

	
1.36

	
A

	

	

	




	
44 wt%

	
1.61

	
A

	

	

	




	
54 wt%

	
2.13

	
A

	

	

	




	
65 wt%

	
2.92

	
A

	

	

	




	
70 wt%

	
5.74

	

	

	
C

	








(a) Indicates values that do not share a letter and are significantly different; A: Good quality (void content: 0–3%); B: normal quality (void content: 3–5%); C: poor quality (void content: 5–10%); D: very poor quality (void content: 10%–).
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Table 7. Test for the homogeneity of regression slopes using a general linear model (total data).
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	Sum of Squares
	Degree of Freedom
	Mean Square
	F-Value
	p-Value





	Corrected model
	261.07 a
	3
	87.02
	19.34
	<0.001



	Intercept
	98.51
	1
	98.51
	21.89
	<0.001



	Gc (A)
	227.09
	1
	227.09
	50.46
	<0.001



	Combination type (B)
	31.12
	1
	31.12
	6.92
	0.0116



	A  ×  B
	55.17
	1
	55.17
	12.26
	0.00104



	Error
	207.03
	46
	4.50
	
	



	Total
	1047.28
	50
	
	
	



	Corrected total
	468.11
	49
	
	
	







a R squared = 0.56 (adjusted R squared = 0.53).
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Table 8. Comparison of change in Gc according to void contents.
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Fabric

Combination

	
Cases

	
ISO 12215-5

	
Void Content Considered




	
Vv (vol%)

	
Gc (vol%)

	
Vv (vol%)

	
Gc (vol%)

	
Gc (wt%)






	
Single

	
30.00 wt%

	
-

	
16.64

	
1.46

	
16.40

	
29.63




	
Combination

	
-

	
16.64

	
1.25

	
16.43

	
29.68




	
Single

	
60.00 wt%

	
-

	
41.12

	
20.21

	
34.21

	
55.69




	
Combination

	
-

	
41.12

	
3.79

	
39.62

	
58.49
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