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Abstract  

Flax fibres are often documented as having equivalent properties to E-glass ones. Based on these 

comparisons they have been proposed as a suitable replacement for E-glass in structural 

applications. However, some recent experimental studies demonstrate that flax behaves differently 

to conventional composites at the structural scale, which indicates that the capabilities of flax need 

to be better understood at this scale. This paper therefore uses reliability analysis to generate flax 

structures with an equivalent safety to those in E-glass, accounting for the change in behaviour. An 

extensive literature review of flax laminate mechanical properties is performed to define their range 

and variations. These values are used to simulate probabilities of failure which demonstrate that flax 

structure needs to be 2.4 times heavier than the E-glass structures to have an equivalent safety. It 

concludes that flax fibres might be used in some applications but cannot replace E-glass in volume 

constrained structures.  

Keywords: Natural fibres; strength; analytical modelling; numerical analysis; statistical properties; 

mechanical properties  

1. Potential for flax structures 

Flax materials are viewed as a sustainable alternative to standard composites with a number of 

advantages.  They exhibit low densities, good damping and vibration absorption in addition to their 

ecological benefits. Across the research literature flax fibre reinforced composites are proposed as a 

potential replacement to E-glass for structural applications. Their fibre properties are well studied, 

[1] [2] [3], and often demonstrate specific mechanical properties comparable or superior to E-glass, 

[4] [5] [6]. This is despite the variability in the fibres caused by their natural origins, where 

differences in cultivation conditions and processing are often cited as a limitation. Despite being 

proposed as an inhibitor to structural applications this variability at the fibre scale is shown to be 

reduced to an acceptable level at the laminate scale, Blanchard et al. [7], Torres et al. [8] and Liang 

et al. [9]. By extrapolating the performance from the results at the coupon scale, Mehmood and 

Madsen [10], Bodros et al. [11] and Meredith et al. [12], demonstrate the potential for flax fibres to 

replace E-glass at the structural scale.  

Whilst flax fibre and laminate scale properties are a popular topic, with 765 journal papers published 

on these topics in the top 4 composite journals in the last 5 years, studies at the structural scale are 

still limited, with only 4 papers. These studies have found that flax structures change their behaviour 

when compared to conventional composites, [13] [14] [15] [16]. This creates a requirement for 

further investigations as extrapolation of material properties from laminate scale does not account 

for these structural effects. Shah et al. [13] compare flax composites with E-glass composites as a 

replacement material for a small wind turbine structure. The flax turbine is 10% lighter than the E-

glass structure and passes the structural requirements however the flax structure has a different 
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failure mode and larger deflection than the E-glass ones and the effects of these deformations on 

the efficiency of the blade are not determined; the comparative safety of the blades is also not 

documented. Blanchard et al. [14] also find a change in behaviour when flax is used in a structure 

with an increase in stress for flax grillage structures compared to E-glass and carbon equivalents. 

Bambach [15] experimentally investigates channel sections made of natural fibre composites where 

it is shown that natural fibre sections can be used in light structural applications because of their 

predictable compressive behaviour. However, the mechanical properties at the coupon scale are low 

and no comparison is made with conventional composite materials. This work is extended by 

optimising the geometry of the channel sections and compared to steel equivalent structures. It is 

shown that thicker flax specimens, 4.8 mm compared to 1.15 mm for steel, are able to meet the 

criteria for load bearing walls [16], though the safety factors associated with the structures are not 

compared. The author noted that the natural fibre sections are substantially less stiff than the steel 

structures and serviceability requirements will need to be considered; which are traditionally the 

more difficult condition to meet in composite applications.   

To further explore the feasibility for flax fibre reinforced structures this paper uses a reliability 

analysis to determine structures with equivalent safety values made form E-glass and flax. The 

approach reflects current industry best practice for structural design and is performed on a 

secondary structure from a marine application.  A literature review of flax fibre reinforced epoxy 

laminate mechanical properties is conducted to gain a better understanding of the currently 

available material properties and determine a realistic range of mechanical properties. An 

assessment is made of the structure as if it was made from a flax fibre reinforced epoxy composites 

and compared to an E-glass equivalent. Material properties are taken from the literature, comparing 

the structural integrity of the panel across the full range of values found in the literature. The 

influences of these material properties and manufacturing techniques on the structural properties 

are then investigated. To perform the analysis, Monte Carlo simulation is combined with an 

analytical grillage model successfully validated for flax reinforced epoxy composites by Blanchard et 

al. [14]. 

2. Analysis of material properties from the literature  

Due to the range of mechanical properties seen in the academic literature for composites, especially 

flax fibres, it is important to establish a realistic set of data, to ensure they represent properties 

likely to be seen in industry.  A review is performed of both the available mechanical properties for 

flax and E-glass fibre reinforced laminate properties, to establish a benchmark reference for the 

reliability exercise.   

2.1. Data collection method for flax and E-glass laminate mechanical properties.  

A set of criteria is defined to determine which data should be selected for consistency and to 

objectively remove some academic studies which provide unrealistic properties. The main selection 

criteria for both materials are the same, with some additional ones specific to flax due to larger 

quantity of literature exploring techniques to improve the properties which have not proven to be 

industry ready. For flax composites, a large majority, 73%, of the papers were published in the last 5 

years. For E-glass, the data have a larger spread with 44% of the papers published in the last five 

years and oldest reference published in 1981. However, within the limited available literature the 
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year of publication has no influence on the properties and is stable with time. The following general 

rules are followed: 

- UD reinforcement is selected for this study to reduce the variability associated with 

different types of reinforcement and to obtain the highest mechanical properties. 

However purely unidirectional fabrics do not provide enough data and so fabrics with 

a minimum of 90% of the fibres in the longitudinal direction are also included.  

- All the laminates have to be reinforced with a similar matrix to isolate the fibre 

properties from the matrix. Epoxy resin is selected for this exercise as the most data is 

available while also exhibiting good compatibility with flax and E-glass fibres. 

Furthermore, the high properties of epoxy resins help flax laminates reach their full 

potential.  

- If different fibre volume fractions are tested in the same study, only the highest 

volume fraction is selected to represent the highest mechanical properties reachable 

in industrial applications. 

- All the manufacturing techniques are considered except pultrusion, due to the 

different geometries of the resulting specimens.  

- If different numbers of layers or different manufacturing techniques are compared, all 

data are included to cover a range of manufacturing processes. 

- Data presented in graphs for which it is difficult to obtain exact numbers and non-peer 

reviewed sources are not considered. Non-experimental data are also discarded.   

- A large number of studies for flax laminates investigate various fibre treatments to 

improve the properties of the laminates. The effects of these chemical treatments on 

the laminate properties are inconsistent: Van de Weyenberg et al. [17], Acera 

Fernandez et al. [18] and Shah [19]; or costly for industrial applications: Meredith et 

al. [12], Coroller et al. [20] and Shah [19]. Therefore, data based on the utilisation of 

chemical treatments such as Alkaline, stearic acid and silane solutions are discarded. 

Reinforcements subjected to mild treatments: water, cellulose based binder and 

fibres used as received with possible treatments applied by manufacturers are  

included as the influence of these treatments on the average properties is negligible.   

- Flax reinforcements subjected to heat treatments before manufacturing are included 

as heat treatments are commonly used and applicable in an industrial context. The 

influence of heat treatments on the average properties is investigated and statistically 

negligible.   

The full set of data is presented in the data attachment. Initially 60 papers for flax laminate 

properties and 34 papers for E-glass laminate properties are selected. From the initial selection, 7 

papers are discarded for flax and 3 papers for E-glass as the data did not meet the criteria. The final 

set of data represents up to 273 tested specimens for the flax laminate and 49 data points for E-glass 

for the most available material property, Young’s modulus. However, this is reduced to 3 tested 

specimens for the compressive strength, the least available material property.   

Representative values for the mechanical properties and the coefficients of variation are determined 

by statistical analysis. All the data meeting the above conditions are collated into a box plot. On each 

box, the central mark indicates the median, and the bottom and top edges of the box indicate the 

25th and 75th percentiles, respectively. The whiskers extend to the most extreme data points not 
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considered outliers, and the outliers are plotted individually using the '+' symbol. These outliers are 

then discarded as they are not considered to be representative of the values likely to be seen in 

industry. The outliers plotted in the graphs are removed for the calculations of the average, 

minimum and maximum values. However, since most of the specimens are manufactured within a 

laboratory environment it is likely that they still represent optimistic values compared to what might 

be seen within the industry. The mean, minimum and maximum values are then calculated to be 

used in the analysis to represent the range of properties it might be possible for industry to 

replicate. This is repeated for the coefficient of variation (CoV). In addition to the outlier the 

coefficient of variations associated with a data point for which the mechanical property is 

considered as an outlier are also discarded for the coefficient of variation calculations.  

2.2. Flax/epoxy mechanical properties  

The mechanical properties for unidirectional flax/epoxy laminates are presented in Table 1, where 

([X1]/[X2]) represents multiple references citing the same value. The longitudinal Young’s modulus 

of flax fibre reinforced UD epoxy composites is well characterised with 33 references and 58 

different tests conducted, representing 273 data points. However, not all of the other properties are 

as well documented with 11 references for the transverse Young’s modulus and 4 references for the 

longitudinal compressive strength. The limited number of references for these properties prevents 

the definition of a realistic range. The fibre volume fraction is well characterised with 43 references 

but this large number is influenced by the number of manufacturing techniques available and is 

discussed further in section 2.4.  

Table 1: Average (Avg), minimum (Min) and maximum (Max) mechanical properties for Flax/epoxy from the 
literature 

Material 
Properties  

Avg.  Min  Max  # of 
data 
points  

# of refs. 
included 

Refs. included  Discarded 
Refs. 

Longitudinal 
Young’s 
modulus E1 
(GPa)  

25.42 
 

11.86 40.10 58 33 [8] [9] [17]   

[20]-[42] 

([43]/[44])  

[45]-[49] 

[24]1 [33]2 
[50]3 [51]4 
[52]5 [53]6 
[54]7  

Transverse 
Young’s 
modulus E2 
(GPa)  

4.20 2.70 5.58 17 11 [9] [17] [21] 
[29] [30] [34] 
[35] [40]  
[47]-[49]  

[18]8 

                                                           
1 One data point of the study (fibres from bottom location) was discarded by the box plots as a minimum 
outlier  
2 Specimens made of FUD115 prepreg are discarded as the weft/wrap ratio is 1/8 
3 Fabric described as UD but only 67% of the fibres in the 0° direction  
4 Unknown resin  
5 Range of values given for E1 
6 Fabric described as UD - ribs 4/4 
7 Specimens fabricated by pultrusion  
8 Fabric described as UD but weft/ wrap ratio is 84/16 wt%  
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Shear modulus 
G12 (GPa) 

2.01 1.86 2.19 9 5 [9] [29] [30] 
[35] [55] 

[48]9 [55]10 

Poisson’s ratio 
ν12 

0.36 0.34 0.37 10 5 [29] [30] [34] 
[35] [48]   

[5]11 [9]11 
[42]11 

Longitudinal 
tensile strength 
Xt (MPa)  

255.14 113.00 408.00 55 31 [8] ([1]/[56])  
[17] [20] [21] 
[23]-[28] [30]  
[32]-[35]  
[37]-[42] 
([43]/[44]) 
[45]-[49] [57] 

[33]12 [50]13 
[51]14 [53]15 
[54]16  

 

Transverse 
tensile strength 
Yt (MPa) 

24.81 4.50 36.53 16 10 [9] [17] [21] 
[30] [34] [35] 
[40] [47]-[49]  

[18]17 

Longitudinal 
compressive  
strength Xc 
(MPa) 

127.50 110.00 136.90 4 4 [9] [21] [30] 
[37]   

[54]16 

Transverse 
compressive 
strength Yc 
(MPa) 

85.31 76.00 100.00 3 3 [9] [21] [30]    N/A 

Shear strength 
S12 (MPa) 

39.34 32.00 45.60 6 4 [9] [30] [55] 
[58]   

[48]18 

Fibre volume 
fraction (%)  
 

43.64 19.70 65.00 69 43 [5] [8] [9] [17] 

[20]-[47] [56] 

[58]-[67] 

[18]17 [33]12 
[48]19 [50]13 
[51]14 [59]16 

[68]20 

 

Table 1 shows that the range of mechanical properties is large, especially for the longitudinal Young’s 

modulus where the maximum value is 57% larger and the minimum value is 53% lower than the 

mean. The minimum value of 11.86 GPa seems particularly low especially considering that the 

specimens were manufactured with compression moulding but it is not considered as an outlier 

statistically. A large range of data is also seen for the tensile strengths in both directions. The 

minimum value for the transverse strength is particularly low, 82% lower than the mean, even 

though these specimens were cured in an autoclave for which higher properties can be expected. 

The range for compressive data is smaller and can be attributed to the large influence of the resin on 

                                                           
9 Discarded by the box plot as a minimum outlier  
10 Data from test 11 was discarded by the box plot as a maximum outlier  
11 Discarded by the box plots as maximum outliers 
12 Specimens made of FUD115 prepreg are discarded as the weft/wrap ratio is 1/8 
13 Fabric described as UD but only 67% of the fibres in the 0° direction 
14 Unknown resin 
15 Fabric described as UD - ribs 4/4 
16 Specimens fabricated by pultrusion 
17 Fabric described as UD but weft/ wrap ratio is 84/16 wt% 
18 Discarded by the box plot as a minimum outlier  
19 Range of volume fraction  
20 Specimens fabricated by filament winding are discarded   
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compression properties. For many of the properties there is still not a large enough quantity of 

points to gain confidence in the values, despite coming from multiple references. The fibre volume 

fraction varies with a minimum value of 19.7% and a maximum value of 65%. The substantial 

variation in fibre volume fraction might be explained by the different manufacturing techniques and 

the influence of the manufacturing techniques is investigated in more details in section 2.4. The 

coefficients of variation from the literature for variation in flax / epoxy mechanical properties are 

presented in Table 2. 

Table 2: Average (Avg), minimum (Min) and maximum (Max) coefficients of variation for flax/epoxy 
laminates from the literature 

CoV (%)   Avg. Min. Max. # of 
data 

points 

# of refs. 
included  

References 
included 

Discarded 
refs. 

Longitudinal 
Young’s modulus 
E1  

6.62 1.28 16.37 55 
 
 

31 [8] [9] [17]  

[20]-[28] [30] 

[32]-[39] [41] 

[42] ([43]/[44])  

[45]-[49] [67] 

[24]21-22 
[33]23 [53]24 
[54]25  
 

Transverse 
Young’s modulus 
E2  

5.49 2.38 8.96 12 
 

8 [9] [17] [21] [30] 
[34] [35] [47] [48] 

[17]26 [18]27 
[34]28  

Shear modulus 
G12  

6.69 2.90 9.64 8 4 [9] [30] [35] [55]  
 

[48]29 [55]30 

Poisson’s ratio 
ν12 

4.41 2.70 8.33 9 4 [30] [34] [35] [48] 
 

[9]31 [42]31 

Longitudinal 
tensile strength 
Xt  

6.87 0.17 14.81 50 
 

28 [8] ([1]/[56]) 
[17] [20] [21]  
[23]-[28] [30]  
[32]-[35] [37] 
[38] [41] [42] 
([43]/[44])  
[45]-[49]  

[27]32  
[33]23 [53]24 
[54]25  

[67]33 

                                                           
21 One data point of the study (fibres from bottom location) is discarded by the E1 box plot as a minimum 
outlier and the associated CoV is discarded   
22 One data point of the study (fibres from middle location) is discarded by the CoV box plot as a maximum 
outlier  
23 Specimens made of FUD115 prepreg are discarded as the weft/wrap ratio is 1/8 
24 Fabric described as UD - ribs 4/4 
25 Specimens fabricated by pultrusion  
26 Data described as “Film Stacking” is discarded by the box plot as maximum outlier 
27 Fabric described as UD but weft/ wrap ratio is 84/16 wt% 
28 Data described as “DRY MTT2” is discarded by the box plot as a maximum outlier  
29 The data for G12 is discarded by the box plot as a minimum outlier and the associated CoV is discarded   
30 One data for G12 (test 11) is discarded by the box plot as a maximum outlier and the associated CoV is 
discarded 
31 The data for ν12 is discarded by the box plot as a maximum outlier and the associated CoV is discarded   
32 Data described as “bottom of the stem (h=12.5 cm)” is discarded by the box plot as a maximum outlier 
33 Discarded by the box plot as a maximum outlier  
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Transverse 
tensile strength 
Yt  

3.87 1.08 10.00 14 
 

8 [9] [17] [21] [30] 
[34] [35] [48] [49]  

[18]34 [47]35 

Longitudinal 
compressive  
strength Xc  

3.16 1.47 4.02 3 
 

3 [9] [30] [37] [21]36 [54]37       

Transverse 
compressive 
strength Yc  

7.68 4.00 12.45 3 3 [9] [21] [30]   N/A 

Shear strength 
S12  

5.04 2.99 8.31 6 4 [9] [30] [55] [58] [2]38 

 

The mean values for the coefficient of variation for the different properties are between 3.16% and 

7.68% and the maximum coefficient of variation reported is 16.37% for the longitudinal Young’s 

modulus. The minimum values reported are low, especially the minimum value for flax tensile 

strength variation of 0.17% and appears to be unrealistically low. These specimens are 

manufactured with prepreg and autoclave curing, which is an expensive technique for low cost 

structures, and only three specimens are tested. The influence of the number of specimens tested 

on the variations is difficult to determine but for all of the minimum and maximum values reported 

the number of specimens is alternatively 3, 5 or not stated and is an indicator that more 

experiments are required to determine an accurate range of coefficients of variation for future 

analysis.   

2.3. E-glass/epoxy mechanical properties  

The unidirectional E-glass/epoxy mechanical properties are presented in Table 3. The number of 

references for E-glass laminates is limited with 17 data points for the longitudinal Young’s modulus 

which is the most studied mechanical property compared to 55 data points for flax laminates. 

Though the lowest number of data points is higher, with 6 points for the transverse compressive and 

shear strengths.  

Table 3: Average (Avg), minimum (Min) and maximum (Max) mechanical properties for E-glass/epoxy from 
the literature 

Material 
Properties  

Avg. Min. Max. # of 
data 

points 

# of refs. 
included 

References  
included 

Discarded 
refs. 

Longitudinal 
Young’s 
modulus (E1) 
GPa 

40.97 31.00 53.48 17 19 [20] [38] [43] [45] 
[69] [70] 
([71]/[72]) 
([73]/[74]/[75]) 

[84]39 
[85]40 
[86]35 
[87]41  

                                                           
34 Fabric described as UD but weft/ wrap ratio is 84/16 wt% 
35 Discarded by the box plot as a maximum outlier 
36 Coefficient of variation stated as 0%  
37 Specimens fabricated by pultrusion 
38 The data for S12 is discarded by the box plot as a minimum outlier and the associated CoV is discarded   
39 Reference discarded because the resin is unknown  
40 Reference discarded because the experiment is unknown 
41 Reference is discarded because the data are FEA inputs rather than experimental data  
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[76] ([77]/[78]) 
[79] [80]  
([81]/[82]) [83] 

Transverse 
Young’s 
modulus (E2) 
GPa 

12.31 9.03 17.70 11 13 [70] ([71]/[72]) 
([73]/[75]) 
([77]/[78]) [79] 
[80] ([81]/[82]) 
[83] [88] 

[84]42 
[85]43 
[87]44  
 

Shear 
modulus 
(G12) GPa 

5.04 3.19 6.00 9 12 [70] ([71]/[72]) 
([73]/[75]) 
([77]/[78]) [79] 
[80] ([81]/[82]) 
[83] 

[84]42 
[85]43 
[87]44 

 

Poisson’s 
ration (ν12) 

0.289 0.250 0.326 9 12 [70] ([71]/[72]) 
([73]/ [75]) [76] 
([77]/[78]) [79] 
[80] ([81]/[82]) 

[84]42 
[85]43 
[87]44 

 

Longitudinal 
tensile 
strength (Xt) 
MPa 

1014.31 514.20 1280.00 16 18 [20] [38] [43] [45] 
[3] [69] 
([71]/[72]) 
([73]/[74]/[75]) 
[76] ([77]/[78]) 
[80] ([81]/[82]) 
[86] [89] 

[84]42 
[85]43 
[87]44 

 

Transverse 
tensile 
strength (Yt) 
MPa 

46.61 35.00 59.00 9 11  ([71]/[72]) 
([73]/[75]) 
([77]/[78]) [80] 
([81]/[82]) [88] 
[89] 

[84]42 
[85]43 
[87]44 

 

Longitudinal 
compressive 
strength (Xc) 
MPa 

635.29 487.00 800.00 7 8 ([73]/[75]) [76] 
([77]/[78]) [80] 
[81] [89] 
 

[84]42 
[85]43 
[87]44 

 

Transverse 
compressive 
strength (Yc) 
MPa 

128.82 114.00 145.00 6 7 ([73]/[75]) 
([77]/[78]) [80] 
[81] [89] 
 

[84]42 
[85]43 
[87]44 

 

Shear 
strength (S12) 
MPa 

67.09 49.51 98.00 6 7 [58] ([71]/[72]) 
([77]/[78]) [80] 
[89] 

[84]42 
[85]43 
[87]44 

Fibre volume 
fraction 
(Vf) % 

54.42 40 66.4000 21 20 [20] [38] [43] [45] 
[58] [63] [69] [73] 
[74] [77] [78] [80] 
[83] [88] [90]-[95] 

[96]45 

 

                                                           
42 Reference discarded because the resin is unknown 
43 Reference discarded because the experiment is unknown 
44 Reference is discarded because the data are FEA inputs rather than experimental data 
45 Data discarded by the box plot as a minimum outlier  
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The mechanical properties of the E-glass laminates are higher than the properties of the flax 

laminates, with a smaller range of mechanical properties seen in the literature. The longitudinal 

Young’s modulus has a minimum value 24% lower and a maximum value 31% higher than the mean. 

However, the longitudinal tensile strength has a larger range with the minimum value 49% lower and 

a maximum value 26% higher than the mean. The minimum value of 514 MPa for the longitudinal 

tensile strength is obtained with specimens manufactured via resin transfer moulding and a targeted 

fibre volume fraction of 40% which is low for E-glass. The values for the fibre volume fraction are 

consistent with a minimum value of 40% and a maximum value of 66.4% even though the specimens 

are manufactured with different manufacturing techniques. Representative coefficients of variation 

for the E-glass mechanical properties are presented in Table 4. For E-glass/epoxy laminates, only one 

reference is found for the coefficient of variation of the shear strength, longitudinal and transverse 

compressive strengths. Therefore the lowest and highest variation from the strength values found 

for the tensile strengths are used as representative.   

Table 4: Average (Avg), minimum (Min) and maximum (Max) coefficients of variation for E-glass/epoxy 
laminate mechanical properties from the literature 

CoV (%)  Avg. Min.  Max.  # of 
data 
points  

# of refs. 
included  

Refs. 
included 

Discarded 
refs.  

Longitudinal 
Young’s 
modulus (E1)  

4.87 
 

2.92 
 

6.78 
 

6 
 

7 [20] [38] 
[43] [45] 
([71]/[72]) 
[83] 

[86]46 
[81]47 

Transverse 
Young’s 
modulus (E2)  

7.79 
 

1.58 
 

11.46 
 

4 
 

4 ([71]/[72]) 
[83] [88] 

[81]47 

Shear 
modulus 
(G12)  

4.32 
 

4.32 
 

4.32 
 

1 
 

1 [83] 
 

[81]47 

Poisson’s 
ration (ν12) 

4.60 
 

4.60 
 

4.60 
 

1 
 

2 ([71]/[72]) 
 

[81]47 

Longitudinal 
tensile 
strength (Xt)  

8.45 
 

4.20 16.28 6 7 [20] [38] 
[3] [45] 
([71]/[72]) 
[86] 

[81]47 

Transverse 
tensile 
strength (Yt)  

9.34 
 

7.13 
 

13.20 
 

3 
 

3 ([71]/[72]) 
[88] 
 

[81]47 

Longitudinal 
compressive 
strength (Xc)  

10.00 4.20*** 
 

16.28+ 
 

1 1 [81]48  

Transverse 
compressive 
strength (Yc)  

10.00 4.20*** 
 

16.28+ 
 

1 1 [81]48  

                                                           
46 The data for E1 is discarded by the box plot as a maximum outlier and the associated CoV is discarded   
47 The values for the CoV are assumed and not determined 
48 No value are found in the literature except an assumption in Sanchez-Heres et al. [12] 
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Shear 
strength 
(S12)  

7.32 4.20*** 
 

16.28+ 
 

1 1 [58]  

*** lowest variation from strength values  

+ highest variation from strength values 

 

The mean coefficients of variation for E-glass laminate mechanical properties are between 4.32% 

and 10%. The minimum values are low, especially for the longitudinal and transverse Young’s moduli 

at 2.92% and 1.58% respectively, which seems unrealistically low. The maximum variation is for the 

longitudinal tensile strength, with a coefficient of variation of 16.28%. These values are in 

accordance with  Lekou and Philippidis [4] who determine the coefficients of variation for the 

mechanical properties of UD E-glass polyester manufactured by hand lay-up and obtain values 

between 8.94% to 24.90% based on 26 specimens.  The values for the shear modulus and Poisson’s 

ratio are based on one study and therefore may not be representative.   

 

Flax composites are often seen as highly variable, however the coefficients of variation are similar to 

E-glass with all the mean values below 8% for flax compared to 10% for E-glass. This comparable 

variability at the laminate scale between flax and E-glass confirms the results demonstrated by 

Blanchard et al. [7] who state that there is little difference in variability at this scale. The maximum 

variability is also in the same range with a maximum value of 16.37% for the flax coefficient of 

variation compared to 16.28% for E-glass.  

 

2.4. Manufacturing techniques  

Through the analysis of this data a wide range of values are shown for the different mechanical 

properties. To ensure that a reasonable spread of data is used the analysis combines values from 

number of different manufacturing techniques which influence the achievable fibre volume fraction 

and therefore the mechanical properties of the composites. A large range of manufacturing 

techniques from inexpensive hand lay-up to more expensive closed mould techniques are used to 

manufacture natural fibre reinforced composites and  Figure 1 illustrates how much the fibre volume 

fractions are influenced by the manufacturing technique.  



11 
 

 

Figure 1: Fibre volume fraction (Vf) obtained for flax/epoxy laminates with different manufacturing 
techniques  

It is expected that for improved manufacturing techniques the variability decreases but due to the 

large number of studies using expensive manufacturing techniques such as compression moulding, 

13 studies, and hot press, 25 studies, compared to hand lay-up with only 3 references, it is difficult 

to determine the influence of the manufacturing techniques on the range of properties. Despite the 

difference in the mean value of the volume fraction between the specimens manufactured by hand 

lay-up and those manufactured by compression moulding, the lowest value, 19.70%, and highest 

value, 65%, are both for specimens manufactured with compression moulding. The large range of 

data for compression moulding can be explained by the difference in applied pressure between the 

different studies, which also substantially affects the cost of manufacture. A common issue in the 

literature is the low fibre volume fractions exhibited by natural fibre reinforced composites, Shah et 

al. [38]. This is supported by the analysis of the data with a mean volume fraction of 34.57 % for flax 

epoxy composites manufactured with hand lay-up compared to 62.5% for E-glass. Higher fibre 

volume fractions, 47.46% and 47.65%, can be obtained with expensive manufacturing techniques 

such as compression moulding and hot press but these techniques are unlikely to be selected if the 

current structure is made of E-glass and replaced by flax as they will make the components too 

expensive. It is likely that large structural components will be manufactured using hand layup or 

resin infusion, with some more expensive applications autoclaving prepreg laminates.  As the fibre 

volume fraction influences the mechanical properties, the longitudinal Young’s modulus obtained for 

different manufacturing techniques are presented in Figure 2.  



12 
 

 

Figure 2: Flax /epoxy laminates longitudinal Young modulus E1 (GPa) obtained with different manufacturing 
techniques from the literature 

As expected the manufacturing technique has a large influence on the longitudinal Young’s modulus 

with a mean stiffness of 20.1 GPa for hand lay-up and 27.1 GPa for specimens manufactured by hot 

plate. This difference can be explained by the higher fibre volume fractions and lower void contents 

obtained with more expensive manufacturing techniques as an increase in pressure produces plates 

with lower porosities and higher mechanical properties as shown by Phillips et al. [98] and Li et al. 

[32]. The minimum, 11.1 GPa, and maximum value, 40.10 GPa, are both obtained by compression 

moulding, again showing a larger range than other techniques due to the number of pressures 

tested at and the large number of references using compression moulding. The range of coefficients 

of variation reported in the literature is similar for all manufacturing techniques with mean values 

around 5% except for compression moulding with a mean variation of 11%.The influence of the 

manufacturing techniques on the longitudinal breaking strength are presented in Figure 3.  
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Figure 3: Longitudinal tensile breaking strength Xt (MPa) obtained with different manufacturing techniques 
for flax fibre reinforced epoxy laminates from the literature.  

The relationship between manufacturing techniques and the fibre volume fraction in Figure 1 and 

the longitudinal Young’s modulus in Figure 2 is less clear for the longitudinal strength. The mean 

values for the longitudinal tensile strength ranges from 153.6 MPa for hand Lay-up to 296.44 MPa 

for laminates manufactured with autoclave. The maximum value of 408 MPa is obtained with 

compression moulding which shows the largest spread of strength values. The spread of data can 

also be caused by the larger number of studies, 13, using compression moulding as a manufacturing 

technique.  Only one study uses hand lay-up as a manufacturing technique, meaning that the value 

may not be representative of values probable in industry. The mean values for the coefficients of 

variation reported in the literature are more spread than for the Young’s modulus with a mean value 

of 2.7% for resin infusion compared to 8.6% for autoclave. 

2.5. Summary  

The mean flax laminate Young’s modulus is 38% lower than the E-glass and the mean longitudinal 

tensile strength for flax laminates is 75% lower, a large drop in mechanical properties. These values 

show a much larger difference than when comparisons are performed at the fibre scale, where the 

majority of testing is currently performed in the literature.  However, the variability of natural 

composites, which is often documented as being problematic, is similar to E-glass at the laminate 

scale. Most studies focus on the tensile Young’s modulus but the longitudinal tensile strength has a 

higher impact on the probability of failure than the Young’s modulus for a strength limit state as 

shown by Yang et al. [99] who find that the strength is the most influential parameter with a 

sensitivity factor of 0.72 compared to 0.14 for the fibre’s modulus. Flax epoxy mechanical properties 
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are well characterised in longitudinal tension but less characterised in the transverse direction, 

especially compression and shear; though these properties are less important for many structural 

applications. A large proportion of the data is for properties generated using more  expensive 

manufacturing techniques, more commonly used to manufacture  carbon structures which are 

unlikely to be replaced by flax but more realistic manufacturing options, like resin infusion, are 

poorly documented. A combination of these factors inflates the mechanical properties to values that 

are unlikely to be seen in industrial applications and provides an unfair analysis in comparison to flax 

at the material scale, though limited studies are performed to see how these differences affect the 

structural behaviour. Fibre scale properties are often used in the rule of mixtures to obtain laminate 

properties in initial calculations for standard composites [100]. However, for flax fibre laminates a 

number of authors, Charlet et al. [101], Shah et al. [102], Charlet et al. [24], Shah [19] and Moothoo 

et al. [103], investigate the accuracy of the rule of mixtures and it can be concluded that the 

obtained results are inconsistent. Despite this a large proportion of the literature focusses on fibre 

properties with 6169 data points for the Young’s modulus at the elemental fibre scale. For structural 

applications, engineers and designers need reliable mechanical properties to implement in structural 

analysis and therefore laminate scale data are required.   

3. Reliability analysis of natural composites for structural applications 

 

3.1. Monte Carlo Simulation  

The reliability analysis of a grillage structure is conducted to compare flax and E-glass fibre 

reinforced composites. Different techniques can be used for reliability studies such as Monte-Carlo 

simulations, First Order and Second Order Reliability methods. For this study, a Monte-Carlo 

simulation is selected based on the same method proposed by Sobey et al. [104]. It is an accurate 

technique which can solve complex problems and predict the future behaviour of structures for 

which the probability distributions of the basic variables are known [105].  The methodology is 

presented in Figure 4.  
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Figure 4: Reliability assessment method for composite grillages  

The first step of the Monte-Carlo simulation is to populate the inputs for the first structural 

assessment. The material properties are generated using a normally distributed random seeding 

with mean values and coefficients of variation generated from the review of the literature. The tails 

are discarded, as shown in Palmer [108], to remove unrealistically high or low values. The pressure is 

also randomly generated with a mean value of 110 kPa, the design load for the application. It follows 

a Weibull distribution with a variation of 15% [104]. The structural response of the grillage structure, 

including the stresses, can then be calculated. This is performed according to a rapid analytical 

calculation used in Sobey et al. [104] with an updated formula developed by Blanchard et al. [14] 

which can account for the change in structural response exhibited by low stiffness materials such as 

flax; this approach has been shown to be within 5% accuracy of FEA based on the variable range 

used in the simulations. The third step it to compare the stresses to the failure criteria to determine 

if the grillage is failing based on first ply failure. The probability of failure is calculated from the total 

number of failed structures divided by the number of grillages assessed at that point. The 

simulations are stopped at 109 or when the probability of failure has converged, which is judged to 

be when the difference between the probabilities of failure at the last three orders of magnitude 

(10n, 10n+1 and 10 n+2) and the average probability of failure for those three steps, are all smaller than 

5%.  

The failure of the panel is determined using strength failure criteria recommended by the World 

Wide Failure Exercise: Liu and Tsai [106] and Zinoviev et al. [107], on a first ply failure approach. 

Whilst it is also recommended to utilise the Puck or Cuntze failure criteria in addition to these 

criteria neither is selected due to the large number of data required to accurately assess these 

criteria which is missing for natural fibres. 

When considering the Tsai-Wu criterion, previous results show that the nominal value of Fxy* = -0.5 

leads to good agreement for E-glass [106]. However for flax fibre reinforced epoxy laminates the 
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failure envelope needs to be adjusted and the value of Fxy* is set to 0 as optimised by Koh and 

Madsen [21]. The optimisation is based on limited experimental data with only 3 specimens for Yt 

and Xc and 2 specimens for Yc. To demonstrate the difference in behaviour with the change in Fxy* 

the Zinoviev failure envelope is plotted in black and the Tsai failure envelope is plotted in grey for E-

glass in Figure 5 a) and flax in Figure 5 b) using the mean strength properties. The failure occurs when 

the response is outside one or both coloured regions. 

a) 

 
 

b) 

 
 

Figure 5: a) failure envelope for E-glass mean values b) failure envelope for flax mean values 

 

The change in Fxy* creates differences in the shape of the failure envelopes between the E-glass and 

flax laminates, with flax more likely to fail in tension/tension and compression/compression but less 

likely to fail in tension/compression than E-glass. In this study, no failures are recorded in pure 

compression and most failures are recorded in pure tension with low transverse stresses. This means 

that for this application the difference in shape has a limited impact on the probability of failure of 

the structure. However, the Tsai failure criterion needs more refinement to ensure safe application 

of natural composites especially if complex loadings or lay-ups are utilised.  

3.2. Grillage topology 

A grillage structure, presented in Figure 6, is selected as a typical component in many structural 

applications. The stiffened plate is modelled using the Navier method grillage analysis taken from 

Vedeler [109] and empirically adapted for grillage structures made of composite materials by 

Blanchard et al. [14]. The adapted Navier grillage analysis calculates the deflection at intersecting 

points between longitudinal beams and transverse girders. The selected grillage topology is based on 

secondary stiffeners taken from a marine application and is composed of 2 identical longitudinal and 

transverse stiffeners, designed with a [0/90] symmetric lay-up. The material properties vary between 

the longitudinal and transverse stiffeners, to reflect the construction typical for the structures where 

stiffeners are constructed separately and post-cured to the plate. The geometry of the panel is fixed 

to identify the impact of the material properties rather than the geometric imperfections.  
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Figure 6: Grillage structure and stiffener dimensions 

One of the main advantages of flax fibre reinforced composites is their low density compared to 

conventional composites, even if the lower fibre volume fraction reduces this benefit. To consider 

the difference in density between E-glass and flax fibre reinforced composites two design constraints 

are used: one where the volume of the two grillages is the same and one where the mass is 

equivalent, to show how to take advantage of the low flax density. For the volume constrained 

approach, the dimensions of both structures are identical and the flax/epoxy grillage is lighter 

because of the lower density of flax laminates.  For the mass constrained approach, the thickness of 

the flax/epoxy laminate is increased equally on the plate and the stiffener’s webs and crown to 

reach a mass comparable to the E-glass/epoxy grillage; the volume of the flax fibre reinforced epoxy 

composite structure is then larger than the E-glass/epoxy structure for the same mass. The 

dimensions, masses and volumes of the resulting grillages are presented in Table 5.   

 

Table 5: Dimensions of the grillage structure 

  E-glass / Epoxy Flax / Epoxy 
(same volume) 

Flax / Epoxy 
(same mass) 

Crown width (mm)  a 211 211 223.2 

Crown thickness (mm) b 12.84 12.84 18.94 

Web thickness (mm) c 12.84 12.84 18.94 

Web height (mm) d 258 258 270.2 

Flange width (mm) e 211 211 223.2 

Plate thickness (mm) f 12.84 12.84 18.94 

Length (mm)   4454 4454 4454 

Volume (m3)  0.40 0.40 0.60 

Mass (kg)   755 508 754 
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The dimensions of the mass constrained flax/epoxy grillage structure is calculated with the average 

density of the composites for both materials, assuming no void content. Vf is the average fibre 

volume fraction selected as 54.42% for E-glass and 43.64 % for flax reinforced epoxy from Table 1 

and Table 3. A value of 1.089 g/cm3 is used for the epoxy density based on the properties of the 

PRIMETM 20 LV with fast hardener from Gurit. A representative value from the literature of 2.54 

g/cm3 is selected for the density of E-glass fibres [1] [33] [96] [110]. The variability in flax fibre 

densities available in the literature is large with values ranging from 1.287 g/cm3 [111] to 1.59 g/cm3 

[10] measured with different methods. An average value for flax fibre density of 1.49 g/cm3 is used 

based on experiments performed with 10 measurements by gas pycnometer by Amiri et al. [112] as 

this method is judged to be more accurate and less variable than others.  From these values a 

density of E-glass fibre reinforced epoxy laminate is calculated equal to 1879 kg/m3 and the density 

of flax fibre reinforced epoxy laminate is equal to 1264 kg/m3. 

4. Comparison of E-glass and flax composites structural properties   

The reliability analysis of a flax structure is compared to a conventional composite to investigate the 

potential to replace E-glass with more sustainable materials in structural applications. Since the 

structure is originally taken from a marine application an acceptable range of probabilities of failure  

is defined based on those commonly seen in the marine industry where the target is between 10-4 

and 10-6 [113]. These values are set based on consideration of all failure modes, final failure 

including fatigue, and it is anticipated that the values in this analysis should therefore be 

considerably safer than these values, as only first ply failure is considered.  

4.1. Equal volume  

The probability of failures and deflections for grillage structures made of flax composites with the 

same volume as the E-glass grillage are presented in Table 6 and compared to the values for E-glass.  

Table 6: Probability of failure for flax grillage with the same volume as E-glass  

Variables CoV Flax Pf 
Flax mean 
deflection 

(mm) 
E-glass Pf 

E-glass mean 
deflection 

(mm) 

Min 

Min 1.00E+00 

466 

0.00E+00 

171 Mean 1.00E+00  6.29E-06 

Max 1.00E+00 7.46E-03 

Mean 

Min 8.59E-01 

227 

0.00E+00 

128 Mean 9.07E-01 0.00E+00 

Max 9.49E-01 9.51E-06 

Max 
 

Min 6.90E-03 

147 

0.00E+00 

96 Mean 9.23E-02 0.00E+00 

Max 3.83E-01 1.54E-06 
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The probability of failure of the E-glass panel is low with almost all the configurations failing at 10-6 

to less than 10-9 except for one case where the variables are set to their minimum and have the 

maximum coefficient of variation. This is below the probability of failure common in the marine 

industry, but this analysis only considers intact properties with no fatigue indicating that the 

minimum properties for the E-glass and the higher coefficients of variation might be unrealistic. The 

coefficients of variation have a large influence on the reliability of the structure especially when the 

mechanical properties are low as it can be seen in Figure 7. For high mechanical properties, the 

variation has no influence as even with the maximum coefficients of variation the mechanical 

properties are in the safe zone. However for lower mechanical properties closer to the failure limit, 

an increase in variability has a large impact.  

 

Figure 7: Probabilities of failure of E-glass structures for different mechanical properties and CoV 

For a flax fibre reinforced epoxy structure with an equivalent volume to the E-glass structure, the 

probability of failure of the flax laminates are unacceptably high for all the cases and cannot provide 

a safe panel. The probability of failure is above 0.9 for the cases with minimum or average 

mechanical properties and 6.9×10-3 for the “safest” configuration, maximum properties and 

minimum coefficients of variation, despite this only being a first ply failure estimate. However, the 

panel made of flax is lighter than the E-glass equivalent and there are less volume constrained 

applications than mass constrained ones; therefore a mass constrained approach is investigated. 

4.2. Equal mass  

A grillage structure with the same mass as the E-glass structure, but a larger volume, is investigated 

to determine the feasibility of flax fibre reinforced laminates for structures constrained by mass. This 

is to take advantage of the low densities exhibited by flax fibres, giving them the greatest 

opportunity to be used in applications; the probabilities of failure and mean deflections are 

presented in Table 7 where the E-glass values remain the same as no changes are made to this 

structure.  
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Table 7: Probability of failure for flax grillage with the same mass as E-glass 

Variables CoV Flax Pf 
Flax mean 
deflection 

(mm) 
E-glass Pf 

E-glass mean 
deflection 

(mm) 

Min 

Min 9.99E-01 

291 

0.00E+00 

171 Mean 1.00E+00 6.29E-06 

Max 1.00E+00 7.46E-03 

Mean 
 

Min 9.40E-03 

142 

0.00E+00 

128 Mean 9.01E-02 0.00E+00 

Max 3.71E-01 9.51E-06 

Max 
 

Min 0.00E+00 

 92 

0.00E+00 

96 Mean 1.15E-07 0.00E+00 

Max 8.30E-03  1.54E-06 

 

The increase in thickness of the flax laminates, to match the mass of the E-glass structure, has a large 

impact on the probabilities of failure.  The flax structure with the mean variables and mean 

coefficients of variation exhibit a decrease in probability of failure by a factor of 10. The large range 

of mechanical properties for flax translates to a large range of probabilities of failure, from 

unacceptable for the minimum variables cases to very safe for the maximum variables; a larger 

range than for the E-glass cases. Even if the probabilities of failure are higher than the E-glass mass 

equivalents the flax structures show some probability of failures below the 10-6 safety 

recommendation, though only for the cases with maximum mechanical properties. The influence of 

the variables and the coefficients of variation on the probabilities of failure are presented in Figure 

8.  

 

Figure 8: Probabilities of failure of flax structures for an equivalent mass to E-glass 
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In most cases the variability of the mechanical properties has a limited influence as the panels will 

fail due to the poor mechanical properties of the flax. However, in the case of the maximum 

mechanical properties the variability has a larger influence. It indicates that if the maximum 

properties with minimum coefficients of variation from the literature are reproducible, flax 

structures might be feasible for some applications as no failures occurred. However, these values are 

deemed to be quite unlikely, as they are generated in laboratory conditions. Whilst these values 

indicate some potential they do not exhibit an equivalent factor of safety as for the E-glass and 

therefore a flax structure is derived that is as safe as E-glass using the mean properties.  

4.3. Feasibility study  

The mass of the flax structure is increased to find a geometry with an equivalent reliability, using the 

mean properties and coefficients of variation. Figure 9 demonstrates how the additional mass 

affects the probability of failure. 

 

Figure 9: Probability of failure for flax structures compared to the mass of the E-glass structure   

For the mean flax mechanical properties and mean variability, the structure needs to be 30% heavier 

than the E-glass structure to meet the marine industry standard. However, at this mass the flax and 

E-glass structures are not equivalent with a probability of failure smaller than 10-9 for the E-glass 

panel compared to 2.52×10-5 for the flax panel.   

As the probability of failure for the E-glass panel is smaller than 10-9, it is difficult to determine how 

safe the E-glass structure is compared to flax. For this purpose, the mean stress to mean strength 

ratio after convergence is calculated for both structures. To obtain the same ratio, the flax structure 

needs to be 2.4 times heavier and 257% larger, 0.4 m3 compared to 1.4 m3, than E-glass, a 

considerable weight and volume increase which can be seen in the different cross-sections 

presented in Figure 10. 
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Figure 10: E-glass and flax stiffener cross-sections designed with equivalent reliability and total plate mass  

4.4. Impact of the manufacturing process on flax structural properties  

The manufacturing process has a large impact on the mechanical properties obtainable for a given 

material. The impact of the manufacturing techniques and therefore the reliability of the structure 

for three commonly used manufacturing techniques for E-glass structures: hand lay-up, resin 

infusion and autoclave is investigated on the grillage with the same mass as E-glass. The tensile 

properties, E1 and XT are specific for each manufacturing process but due to a lack of data, and the 

low influence of the transverse and compressive properties on the reliability, the mean data from 

Table 1 are used for E2, YT, XC, YC, S12 for all three cases. The average coefficients of variation from 

Table 2 are used for all the mechanical properties as the quantity of data available specifically for 

these three manufacturing techniques is insufficient to obtain representative values. The 

probabilities of failure for the three different manufacturing techniques with mean variables and 

mean coefficients of variation are presented in Figure 11 together with the probability of failure 

obtained with the combined manufacturing techniques.  

 

Figure 11: Probability of failure for a flax epoxy structure manufactured with hand lay-up, resin infusion and 
autoclave  
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Figure 11 shows that the number of studies using expensive manufacturing techniques for flax fibre 

reinforced laminates reduces the probability of failure from that derived from the combined 

manufacturing techniques. This results in a probability of failure which is lower than would be 

expected when considering hand lay-up and resin infusion. The panel manufactured with prepreg 

and autoclave curing has the lowest probability of failure equal to 6.9×10-3 which is still too high to 

be adequate for marine structures. Hand lay-up and resin infusion techniques which are widely used 

in the industry for E-glass structures are inadequate, therefore the estimates for the equivalent mass 

of 2.4 should be increased or the cost of these new sustainable structures will be substantially 

increased due to the utilisation of more expensive manufacturing techniques.  It demonstrates the 

influence of the manufacturing techniques on the reliability of the structures and the importance to 

consider mechanical properties obtained with manufacturing techniques reproducible on an 

industrial scale for structures.  

5. Discussion and limitations  

There are a huge number of data points in the literature for flax fibre properties, 6000+. However, 

the specific structure of flax fibres means that the data cannot be used for predictions of the 

properties at larger scales as the rule of mixtures is too inaccurate. At the laminate scale the number 

of data points is reduced but the range of these values for each property remains large; this is 

especially the case for the Young’s modulus and the strength in the longitudinal direction with 58 

points and a minimum of 11.86 MPa and a maximum value of 40.10 MPa for Young’s Modulus and 

with 55 points and a minimum value of 113 MPa and a maximum value of 408 MPa for the strength 

in the longitudinal direction. Whilst some properties are relatively well understood there is a lack of 

data for the transverse and compressive properties, with only 4 points. The literature shows that the 

mechanical properties of flax laminates are lower than E-glass, 38% for the average longitudinal 

Young’s modulus and 75% for the average longitudinal tensile strength, but that the variability of 

both materials is similar.  Some of the values near the maximum and minimum still seem to be 

unrealistic, where the minimum tensile transverse strength of the flax, 4.5 MPa, is so small that 

some plies are failing transversely for the configuration with the minimum mechanical properties. In 

addition data is missing for the Poisson’s ratio, the shear modulus and shear strength but the 

influence of these properties on the final failure of this application is small.  Much of the data gives 

optimistic values compared to that likely to be seen in industry as it is obtained from expensive 

manufacturing techniques, with less data for hand lay-up and resin infusion manufacturing which are 

more realistic for structural applications. More studies on transverse and compressive properties are 

required for structural analysis and a better understanding of the properties likely to be seen in 

industry is also required.  

The reliability analysis is based on strength only but many applications have a serviceability limit 

state based on deflection, which is typically harder to meet for composite materials. Under this limit 

state flax laminates cannot compete against E-glass for volume constrained applications where the 

mean deflection for the E-glass grillage is 128 mm compared to 227 mm for the flax grillage. Based 

on an equivalent mass, the deflection of the flax structure is only 11% higher than E-glass with a 

mean deflection of 142 mm because of the bulkier laminate; the flax structure needs to be 10% 

heavier than E-glass to have an equivalent mean deflection. Furthermore, as demonstrated by Shah 

[114], the Young’s modulus has a bi-linear shape and the initial stiffness of flax laminates decreases 

by up to 50% above 0.4% strain. The Young’s modulus data available in the literature is likely to be 
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taken at lower strains and therefore the stiffness is higher than would be seen in structural 

applications, making this comparison difficult at this stage. 

Studies at the fibre scale advertise flax fibre Young’s modulus as equivalent to E-glass and therefore 

that both materials have equivalent mechanical properties at the laminate and structural scales. At 

the laminate scale, the focus is on the longitudinal Young’s modulus properties for which the highest 

value for flax is almost equal to the average value for E-glass. However, the longitudinal tensile 

strength, which has a much bigger impact on the reliability, is low with a value of 255 MPa for flax 

compared to 1014 MPa for E-glass reinforced laminates and these reliability analyses demonstrate 

that the potential for flax fibres to be used for structural applications is lower than indicated by 

much of the literature.  An increase in mass of a structure by 2.4 seems to be unrealistic for many 

industries, and there will be efficiency implications for structures that add this much weight with a 

possible gain in emissions larger than the gains in sustainability at manufacture. For non-structural 

applications, where the flax provides a lightweight option, then there are many benefits for these 

materials.  

The critical limitation for the utilisation of flax at the structural scale is the low laminate strength 

which is caused by: the low fibre strength, the poor fibre/matrix interface and the low fibre volume 

fraction. The fibre strength properties can potentially be improved during fibre cultivation and the 

manufacturing process using different techniques to preserve the fibre properties as they are 

deconstructed to elemental fibres or to improve the yarn properties as they are reconstituted. 

However, the focus in these processes must switch from attempts to improve the stiffness to 

explicitly controlling the strength and the strain to failure properties. The fibre/matrix interface has 

the potential to be improved with the development of new resins that provide a better compatibility 

with the hydrophilic fibres or fibre surface treatments, with the potential that these are reliant on 

chemicals or processes where the sustainable benefits of flax fibres might be partially lost or 

perhaps even entirely removed. The fibre volume fraction can be increased with adapted 

manufacturing techniques but this has a limit as the irregular shape of flax fibres ensures that the 

highest fibre content achievable will always be lower than E-glass.  

More research should be conducted on natural composite reinforced laminates before they can be 

safely considered for structural applications, especially at scales above the fibre. The structural 

behaviour of the material needs to be investigated with many more tests at the structural scale. The 

tensile transverse and compressive properties need to be investigated including their variability. 

Realistic material properties, likely to be reproducible by industry are required.  Finally, the failure 

envelope used for this work for the flax structures is defined with the available knowledge but needs 

to be further investigated and represents a limitation of the paper. The applicability of the World 

Wide Failure Exercise criteria to natural fibre composites must be validated with experimental data 

and mechanical properties obtained with realistic manufacturing techniques.  

6. Conclusion  

A number of studies in the current literature compare the mechanical properties of flax fibres with 

E-glass and conclude that since both fibres have equivalent properties that flax can be used for 

structural applications. However, the literature also shows that when composite laminates are 

manufactured from both materials that flax properties are lower than E-glass, especially the strength 

properties.  Currently limited tests or modelling are performed at the structural scale to determine 
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whether flax is capable of replacing E-glass, which is especially important due to the increasing 

literature showing that these materials behave differently. Therefore a reliability assessment is 

performed, with material properties selected based on the literature, comparing an E-glass stiffened 

structure taken from the marine industry with equivalents produced from flax. It is shown that the 

safety of flax fibre reinforced structures is equivalent to E-glass when the flax structure is increased 

to 2.4 times the mass of E-glass, when using the mean properties from the literature. However, they 

are not a feasible replacement for volume constrained situations.  The study is optimistic as the 

material properties considered here are for all manufacturing processes, to ensure that there is 

enough data, but when simulations using only the resin infusion properties for flax are considered 

the probabilities of failure increase. Recommendations are therefore that: 

- Flax and E-glass structures are not equivalent, even though similar fibre properties 

are reported.  

- Flax is widely studied in the literature, especially at the fibre scale, but this literature 

does not allow determination of the feasibility of flax materials for structural 

applications.  

- The manufacturing processes considered in the literature are often the most 

expensive and these are unlikely to be used in the structural applications where flax 

might replace standard composites.  

Based on these recommendations further investigations should be conducted before flax fibre 

reinforced composites can be safely considered for structural applications. Future research should 

focus on:  

- a better characterisation of the transverse and compressive properties of flax fibre 

laminates;  

- improvements to the manufacturing techniques likely to be used in structural 

applications, in particular to increase the fibre volume fraction and provide better 

fibre/matrix interfaces;  

- a validation of the World Wide Failure Exercise for natural fibre reinforced 

composites;  

- confirming the findings in this paper with investigations on a wider range of 

structures and structural scale experiments. 
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