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Abstract

:

Mechanical properties of fibre reinforced composites are primarily dependent on those of fibres. Fibre properties are used for estimating the damage and strength behaviour of composite materials and structures. Tensile strength of fibres is commonly determined by single fibre tensile tests, which is challenging and is prone to measurement errors. In this study, different possible sources of errors due to experimental limitations in the fibre testing process were identified. Their effect on fibre tensile strength was analytically modelled. This model was used to evaluate the uncertainty in experimentally determined fibre strength. A sensitivity analysis was conducted to rank the relative significance of input quantities on the calculated fibre strength. Since composite models require fibre properties determined at very small gauge lengths, the results of the sensitivity analysis were extrapolated to determine critical parameters for tests done at those small gauge lengths of a few millimetres. It was shown that, for sufficiently long fibres, their strength depends mainly on the diameter and failure force; however, for shorter gauge lengths, the effects of misalignment become very significant. The knowledge of uncertainty would be useful in estimating the reliability of the predictions made by composite strength models on the damage and failure behaviour of composite materials and structures. Minimising the influence of critical parameters on fibre strength would help in designing improved single fibre testing systems capable of determining fibre strength more accurately.
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1. Introduction


Fibre reinforced composite materials are ideal to be used for structural applications in the automotive and aerospace industry due to their lightweight and high specific strength. The mechanical properties of fibre reinforced composites are strongly dependent on those of the fibres as they are the principal load bearing constituents of the structure [1]. For high performance composite material applications, reliability-based designs and lifetime assessments are needed. Previous work at the research centre has been focussed on developing such reliable composite strength and damage models [2,3]. High reliability of the model predictions is required so that the predictions can be used with confidence in industrial applications [4]. The properties of fibres are used as an input in composite strength models for evaluating the damage and failure behaviour of composite materials and structures [5]. It is therefore essential to use accurate fibre properties to determine a representative behaviour of structures. Fibre tensile strength is commonly determined by conducting single fibre tensile tests using an appropriate experimental setup. The very small cross-section of fibres make them very delicate to handle leading to a very challenging and cumbersome process of fibre specimen preparation and testing [6]. These challenges significantly affect the accuracy of the prepared specimen and may lead to inaccurate fibre strength measurements [7,8].



The “strength” of a structure is defined as its ability to withstand an applied load without breaking. For a given single fibre, to assess its strength, a monotonic longitudinal load is applied to the fibre until its failure. This failure load is then normalised by the cross-section, possibly at the breaking point, to obtain the “tensile strength” of the fibre. Nevertheless, strength is not an intrinsic material property and structures or materials break from their weakest point. Due to their inherently high aspect ratio, fibres can be compared to chains and as a chain—only as strong as its weakest link—fibre tensile strength depends on the tested length also called the “gauge length”. The longer is the fibre, the lower is the applied load needed to break it and the lower is the strength. Even for a given gauge length, there is obviously a variation in the strength of individual fibres due to the distribution of defects in the volume or on the surface of fibres. Fibre strength cannot be described by a single average value and is typically represented by using a statistical function which characterises the intrinsic variation in its strength [9]. If inaccurate fibre strength data were recorded, the corresponding statistical function would not be able to accurately capture the actual strength behaviour of the fibres [10]. When such a fibre strength function is used as an input for composite models, the predictions made by the models for strength and damage behaviour of the corresponding composite structures would also be inaccurate [11,12]. To assess the predictions made by composite strength and damage models, worldwide failure exercises have been conducted [13,14]. The predictions made by the different models analysed were found to spread over a large range, thus suggesting the reason for the lack of confidence in such models. A small change in input data can cause a significant variation in model predictions such as the failure strength or the time to failure of a composite structure. This behaviour has been highlighted in one of the previous works, where the time to failure for composite structures has been shown to depend strongly on the uncertainty in input data [15]. For example, the time to failure for the composite specimen studied increased by a factor of ten on decreasing the standard deviation of fibre strength distribution to a third of its initial value. Therefore, it is of paramount importance that the input data, mainly the fibre strength, are determined accurately with minimum uncertainty. However, it has been found that there has been discrepancy in fibre strength properties, and, even for the same type of fibre, different authors have reported different results [8]. These differences could be due to a combination of many factors such as measurement and experimental errors and uncertainty, non-representativeness of the chosen sample, method of analysis, etc. Mentioning the associated uncertainties has not been a usual practice when reporting fibre strength properties, although it has been established that accurate fibre strength properties are vital for the reliability of composite strength model predictions [16]. Among the different possible causes of uncertainty, the first objective of this study was to determine the uncertainty in fibre strength arising during experimentation, which has been left unnoticed by most previous studies.



Another requirement for composite strength models is that the fibre properties should be defined at specific gauge lengths. The required lengths are usually smaller when compared to the gauge length usually used for experimentation, mainly because practical limitations make it difficult to conduct experiments at very short gauge lengths. For most models, fibre properties for gauge lengths in the range of a few hundred micrometres to a few millimetres are required [2,17,18]. However, almost all experimental results available are for fibre gauge lengths in the range of a few tens of milimetres [8]. The usual practice is thus to use results generated using long gauge lengths and then to extrapolate the properties to shorter gauge lengths using appropriate statistical methods and models. This extrapolation may further introduce uncertainty in results as the models used for extrapolation may not always be accurate or valid for all gauge lengths. If fibre properties were generated at shorter gauge lengths, it might be more appropriate and useful as then the properties can directly be used as input for the models without the need for any extrapolation or predictions. However, tests done at shorter gauge lengths of a few millimetres may be more susceptible to experimental errors and uncertainties. To minimise these uncertainties, the effects of critical quantities that contribute to these uncertainties have to be minimised. The most critical quantities leading to uncertainties for tests conducted at different gauge lengths were also determined in this work, which was the second objective of this study.



There are many possible sources of errors in experimental determination of fibre tensile strength, some of which were studied in this study. To determine fibre strength, a tensile test was done using a single filament and different input quantities were measured, which were used for calculation. However, no measurement is perfectly accurate and there is some degree of uncertainty associated with every measurement. Uncertainties can arise from many sources such as improperly prepared fibre specimens, limited precision of the measurement tool, experimental limitations, etc. Section 2 presents the different possible sources of errors due to experimental limitations in the fibre testing process that were identified. Their effect on fibre tensile strength was analytically modelled. This model was used to statistically evaluate the uncertainties in experimentally determined fibre strength following the recommendations established by the “Guide to the expression of uncertainty in measurement” [19]. To determine the effect of the measurement uncertainty of input quantities on the calculated fibre strength, tensile tests using T700 carbon fibres were conducted. T700 fibres are very commonly used as reinforcements in composites used for structural applications. In Section 3, a sensitivity analysis is presented to understand the influence of different input parameters on the calculated fibre strength, for different gauge lengths. This would help in identifying the critical parameters, which introduces errors and affects the accuracy of the calculated fibre strength. Minimising the effect of these critical parameters would help in generating accurate fibre tensile strength data, which would increase the capability of composite strength models for providing more accurate results.




2. Fibre Tensile Strength


Although fibre tensile strength is most commonly determined using processes such as the single fibre tensile tests [20], as mentioned in the Introduction, other methods can also be used with varying levels of accuracy. These are, for example, the methods of fibre fragmentation tests [21] and fibre bundle tests [22]. In the most basic form, a single fibre (or single fibre composite in the case of fibre fragmentation tests or a fibre bundle in the case of bundle tests) is subjected to a longitudinal and monotonic tensile load until failure. A single failure value leading to the evaluation of the fibre strength is recorded for the single fibre test but a more complex analysis is required for fragmentation or bundle tests, which provides a large amount of failure data during the test. For the present study, the single fibre testing method was used as it is the most popularly used methodology for the determination of fibre tensile strength.



2.1. Single Fibre Testing


Before subjecting the fibres to a tensile load, fibre specimens need to be carefully prepared. As described in [23], several techniques for the preparation and mounting of fibres exist. These include processes of sticking, pinching or even knotting the fibre to prepare the specimen. Irrespective of the process used, all these techniques share the following same challenges:




	
aligning the fibre with the loading direction as perfectly as possible; and



	
controlling the gauge length as accurately as possible, since fibre strength is length dependent.








To illustrate these points, the thick paper frame method was used for this study and is detailed with a schematic of the prepared specimen, as shown in Figure 1a. A single fibre was extracted from a bundle and loaded horizontally on top of a card frame, as shown. There is a central opening in the paper frame, the length of which determines the gauge length of the fibre specimen, as shown in the schematic in Figure 1a and in the actual paper frame shown in Figure 2. The available holes at the ends are for attaching the frame to the machine with proper alignment. Two points of glue are affixed to the edges of the central opening. The sides of the frame are cut before subjecting the fibre to a tensile load. The load at which the fibre breaks is recorded [24]. In fact, it is very difficult to align the fibres perfectly to the centreline and also to fix the gauge length accurately, as can be seen from Figure 1b. This leads to angular misalignment of the fibre specimen and inaccurate measurement of gauge length, respectively (see Figure 1c). The tensile machine itself may have a slight offset of the jaws. This is a common error and should be avoided by the tester. This could also lead to alignment inaccuracy between the fibre and the loading direction. For the continuation of this work, no distinction will be made between these different sources of inaccuracies and the concerned quantities will be treated in such a way as to encompass all possible sources. The misalignment parameter is therefore treated as a whole. In particular, no mention will be made of the different fixing techniques and the results would be independent of the machines used for conducting single fibre tensile tests.




2.2. Determination of Tensile Strength


Fibre strengths are not measured directly but are calculated using measured quantities, precisely by dividing the force to failure (the one recorded by the system) FR by the cross-sectional area A of the fibre. Depending on the nature of the fibre, the section area can be constant (as for most synthetic fibres) or it may vary along the length as is the case for natural fibres and for which case the A-section should correspond to the section at the break point. Unless this breaking section measure can be done in-situ or post-mortem, these data are often inaccessible and, most of the time, a “mean” cross-section is used, which is the case in the present study. Given the high slenderness or aspect-ratio of the tested fibres and the very small sections considered, the notion of average over the length is still questionable. Assumptions which are discussed below in this work must always be considered. Nevertheless, the basic functional relationship for calculating fibre strength (or any stress at time t, i.e., σ=σt corresponding to the load F=Ft; in that case, Equation (1) will become σ=F/A) σR is given by Equation (1).


σR=FRA



(1)







During the testing process, however, the fibres may not always be perfectly aligned to the direction in which the external load is applied, as explained previously. Due to this misalignment, the entire load applied during the test may not be successfully transferred to the fibre. The effective load applied on the fibre would depend on the conic angle of misalignment α. Figure 3 shows the influence of misalignment on the effective force transferred to the fibre. Only a component Fℜ of the applied force FR is successfully subjected onto the fibre, which would vary depending on the misalignment angle. For a given angle of misalignment α, the effective force transferred to the fibre is Fℜ=FRcosα and the corresponding fibre strength would be obtained by Equation (2). If an assumption of perfect circularity can be made for the fibre cross-section, A value can be derived from the measurement of the diameter D (Very often, only the “apparent” diameter is accessible to measurement and non-convex cross-sections lead to more challenges to determine A.), which results in Equation (3).


σR=FRcosαA



(2)






=FRcosαπD2/4



(3)







The misalignment angle α can further be resolved in terms of the misaligned distance h and LR using the laws of trigonometry and is given by Equations (4) and (5). LR is the recorded length of the fibre specimen and depends on the instantaneous separation of the cross-heads. The misalignment can be in any direction, depending upon the conical angle α, as shown in Figure 3. From Equations (3) and (5), the expression for fibre strength in terms of the measured quantities is obtained and is given by Equation (6).


cosα=LRLR2+h212



(4)






=1+h2LR2−12



(5)






σR=4FRπD21+hLR2−12



(6)







LR can be replaced by L=Lt if instantaneous values F and σ are used, since the alignment of the fibre would change with time as the jaws are separated from each other. It is dependent on the initial gauge length of the fibre L0, on fibre elongation due to application of tensile stress LS, and on the stiffness of the testing system k (or compliance c=1/k) and is given by Equation (7). This is also shown in Figure 3. From Equations (6) and (7), the expression for fibre strength is obtained, and is given by Equation (8).


LR=L0+LS−k−1FR



(7)






σR=4FRπD21+hL0+LS−k−1FR2−12



(8)







The stiffness k of the experimental setup is determined by taking the inverse of the system compliance, which is measured as per the guidelines mentioned in the standard [25]. The stiffness for the experimental setup used, including the fibre fixing system, is calculated to be around 6×103 N/m. Such a high stiffness has a negligible influence on the recorded failure length LR of the fibre, especially for tests done using fibres up to 30 mm initial gauge length, as in the present case. For such gauge lengths and the T700 fibres considered as example, the different contributions to LR are as follows: L0 for almost 98%, LS for about 2% and k−1FR less than 0.01%. These contributions clearly depend on the gauge length and if 5 mm gauge lengths were now considered, the system compliance contribution to LR would only be around 0.5% as a first approximation. It is clear that the term k−1FR can be ignored from the fibre strength expression for the present case since it is compared with L0. This is also justified because its contribution to the output is about an order of magnitude smaller than the next significant quantity. These considerations would be completely different if a measure of the failure strain εR was desired. Indeed, in that case, failure strain εR=LS−k−1FR/L0 and the system compliance contributes greatly (about 25% contribution to the total extension in the case of a gauge length of 5 mm) to the extension measurement.



The final expression for fibres strength after ignoring the system compliance contribution is given by Equation (9).


σR=4FRπD21+hL0+LS2−12



(9)







It can be seen from Equation (9) that fibre strength is calculated using a number of measured input quantities. These quantities, already introduced, are force measurement from the load cell FR, estimated misalignment distance h, initial gauge length of the fibre L0, extension in fibre measured from the displacement sensor LS, and the measured value of the diameter D coming from an appropriate technique. Each input quantity has some level of measurement uncertainty, as no measuring instrument is perfectly accurate. As a result, the calculated tensile strength of the fibre will also have an uncertainty associated with it. Since fibre strength is typically represented using Weibull parameters generated using a set of such fibre strength data points determined in a similar way, the overall uncertainty in the statistical parameters of the Weibull distribution can be very significant. This is also the subject of the ongoing study.




2.3. Measurement Uncertainty


The word “uncertainty” stands for doubt, and thus in a generic sense “measurement uncertainty” means doubt about the validity of a result of a measurement [19]. It reflects the lack of knowledge on the value of the measured quantity. This uncertainty in measurement of any quantity would also influence other parameters that are calculated using these measured quantities. The measurement uncertainty for any given parameter can be calculated statistically if the variations are known for all quantities on which this parameter depends. This is evaluated by using a mathematical model for the parameter of interest (Y), which is a function of all input quantities on which it depends X1,X2,⋯,Xn, as also represented by Equation (10).


Y=fX1,X2,⋯,Xn



(10)







Each measured input quantity by itself has some uncertainty associated with it. The uncertainty is determined from a distribution of the possible values for a given quantity. This is usually estimated from a series of observations for this quantity, i.e., a frequency based estimation. This method of evaluation of uncertainty based on frequency distributions is termed as Type A evaluation in statistics. The other method of evaluating uncertainty is from a priori distribution, which is based on some prior knowledge about the quantity. Evaluation of uncertainty based on priori distributions are termed as Type B evaluation. It is recommended to use quantitative data wherever possible for the evaluation of uncertainty, i.e., following the Type A evaluation method. However, either type of uncertainty is treated in the same way while evaluating the combined effect on the output.




2.4. Experimentation


Single fibre tensile tests were conducted following the procedure described in ASTM C1557-14 [25] to determine the strength of T700 carbon fibres. The equations proposed in this paper remain of course valid for other types of fibres, as long as the few assumptions which have been made are applicable. The universal tensile tester was used for conducting the experiments. It was developed by Bunsell [26] and has been improved over the years with the introduction of more advanced transducers and sensors and a change from the vertical position to the horizontal position of the system. Those changes have for example made it possible to study the effect of temperature on fibre strength and this improved setup has been used very extensively to study many kinds of technical, natural and textile fibres [27,28,29,30,31]. Single fibres were extracted from the fibre bundles and mounted on paper frames containing cut-out slots of 30 mm in the middle which fixed the gauge length (as close as possible to 30 mm) L0.



The diameter of each individual fibre specimen was measured at different locations along the fibre length before the fibre was subjected to the tensile test. A Mitutoyo laser scanning micrometre (LSM500) system was used for the measurements. This system allows rapid, non-contact, and accurate fibre dimensional measurements. The fibre is fixed between two grips and a perpendicular laser beam scans across the fibre. The time of obstruction of the light is recorded and the diameter is calculated. A total of 30 fibres were measured following the same procedure and tested as per the given standard. A constant displacement rate of 1 mm/min was applied to stretch the fibres until failure. The failure load FR was recorded using a 150 g Sensotec Model 31 load-cell and the fibre extension was measured using an LVDT displacement transducer ACT1000A from RDP Electronics Ltd.



Since the stress–strain behaviour of carbon fibres is (almost) linear, the failure load was taken to be the load at which the fibre fracture occurs. Table 1 shows the measured values of all input quantities for one fibre tensile test example. Using these quantities and Equation (9), the best estimate value (the value determined experimentally or calculated analytically, i.e., without considering any uncertainties) of fibre strength σRbest for the given example was calculated as follows:


σRbest=4.36GPa



(11)








2.5. Evaluation of Measurement Uncertainty in Input Quantities


All quantities necessary for calculating fibre strength were determined through experimental measurements following the method described in the previous section. Each measurement had some amount of uncertainty associated with it. Measured quantities thus are sometimes reported as given by Equation (12) where x is the quantity being measured, xbest is the best estimate or the measured value and ux is the corresponding measurement uncertainty.


x=xbest±ux



(12)







For each tensile test, the best estimate and the corresponding uncertainty for each input quantity was determined. For fibre diameter, the best estimate was determined by taking the average of all the multiple measurements taken at different locations along the fibre length. For the other quantities, i.e., applied force FR, misalignment distance h, initial gauge length L0 and elongation in fibre LS, the best estimate was determined from the only measurement for the fibre tensile test.



Measurement uncertainty in fibre diameter uD was determined using the Type A method. The standard deviation was calculated from the different diameter values measured along the length of a fibre, for each specimen. When multiple trials are performed to obtain the best estimate of a quantity, the standard deviation of the mean is an appropriate choice for representing the uncertainty in the measurement [19]. For example, from the multiple measurements Di of the fibre diameter, the best estimate was determined by taking the average of all measurements, D¯, and the uncertainty, uD, was provided by the corrected standard deviation divided by the square root of the number of measures nD as given by Equations (13)–(15).


D=D¯±uD



(13)






D¯=1nD∑i=1nDDi



(14)






uD=1nD1nD−1∑i=1nDDi−D¯212



(15)







For the given example, D¯ was evaluated at 6.725×10−3 mm from four recorded values 6.6,6.8,6.7,6.8×10−3 mm and uncertainty in diameter measurement was calculated to be uD=0.055×10−3 mm.



On the other hand, since, for the other quantities, i.e., FR, h, L0 and LS, the best estimate was taken from the only measurement coming from the instruments, their corresponding uncertainty was estimated using the Type B method. For this, the limiting precision or the estimation error or the tolerances of the measurement tool was used. The uncertainty for these quantities was estimated on the assumption of the rectangular probability distribution of the measurement tolerances or estimation errors, and can be given by Equation (16).


u2X=ΔX32



(16)




where u(X) can be replaced with uFR, uh, uL0 and uLS, which are the measurement uncertainties for force, misalignment distance, initial gauge length, fibre extension, respectively, while ΔX can be replaced with ΔFR, Δh, ΔL0 and ΔLS, which are the measurement tolerances or estimation errors for the corresponding quantities.



The measurement uncertainty for all the quantities for the given fibre tensile test example is given in Table 2. For many commercial and industrial applications, it is suggested to also calculate an expanded uncertainty Ux, which is a measure of the required quality for the given quantity of interest x. The expanded uncertainty is determined for a required level of confidence using Equation (17).


U95(x)=t95×ux



(17)




where t95 is a coverage factor for a 95% level of confidence. For critical applications, the recommended level of confidence is 95% [19]. The value of t95 is 1.96 if the calculation is based on a very large number of measured quantities, i.e., n→∞. It should be noted that, if the number n of measurements is small, the coverage factor should be taken from the T-distribution table for n−1 degrees of freedom. This leads for example to a coverage factor of about 3.18 for n=4, which is the case for diameters measurements (nD=4). Table 2 includes these expanded uncertainty values for the given input quantities.



For certain other applications, an even higher level of confidence may be required; a confidence level of 99% is also commonly used. The coverage factor depends on the confidence level used and can be determined from the T-distribution table, as explained above. For a 99% confidence level, the coverage factor t99 is 2.58 for n→∞ and 5.84 for n=4. The expanded uncertainty values of all input quantities for the given fibre tensile test example, for a confidence level of 99%, are also given in Table 2.



Measurement uncertainties in these input quantities would also be propagated into the calculated fibre strength. The uncertainty propagated into fibre strength can be evaluated by combining the measurement uncertainties for each input quantity. The evaluation of this combined standard uncertainty is described in Section 2.6.




2.6. Propagation of Uncertainty to Fibre Tensile Strength


The standard uncertainty for a given parameter that is obtained from the determined uncertainties of a number of other quantities is known as combined standard uncertainty. It is estimated by appropriately combining the uncertainties of the input quantities using the law of propagation of uncertainty, as described in [19]. It is an estimated standard deviation of the parameter and characterises the dispersion in its values. It is obtained by taking the positive square root of the combined variance of the fibre strength. The combined standard uncertainty for fibre strength ucσ as obtained from the combined variance uc2σ is given by Equation (18).


uc2σ=∑i=1N∂σ∂xi2u2xi



(18)







Each ∂σ/∂xi is a partial derivative or sensitivity coefficient of fibre strength for each of the input quantities on which it depends. It describes how the output estimate, i.e., fibre strength, varies with changes in each input quantity. Each uxi is a standard uncertainty for an input quantity xi, as described in Section 2.5. Variation in fibre strength arising due to uncertainty in an input quantity xi is given by ∂σ/∂xiuxi. The combined variance on fibre strength uc2σ can be given by the sum of all variances generated due to uncertainties in each individual quantity xi, as given by Equation (18). This expression is valid when there is no correlation between the quantities on which the parameter depends, as in the present case. The expression for the combined standard uncertainty of fibre strength given by Equation (18) can be expanded in terms of individual quantities and is given by Equation (19).


uc2(σ)=∂σ∂FR2u2(FR)+∂σ∂h2u2(h)+∂σ∂L02u2(L0)+∂σ∂LS2u2(LS)+∂σ∂D2u2(D)



(19)




where, ucσ is combined standard uncertainty for fibre strength, ∂σ/∂FR is sensitivity coefficient of fibre strength for applied force, ∂σ/∂h is sensitivity coefficient of fibre strength for misaligned distance, ∂σ/∂L0 is sensitivity coefficient of fibre strength for initial gauge length, ∂σ/∂LS is sensitivity coefficient of fibre strength for fibre extension, ∂σ/∂D is sensitivity coefficient of fibre strength for measured fibre diameter, uFR is measurement uncertainty in applied force, uh is measurement uncertainty in misaligned distance, uL0 is measurement uncertainty in gauge length, uLS is measurement uncertainty in fibre extension and uD is measurement uncertainty in fibre diameter.



The different sensitivity coefficients are determined as partial derivatives of fibre strength with respect to each input quantity and are given by Equations (20)–(24).


∂σ∂FR=4πD21+hL0+LS2−12



(20)






∂σ∂h=−4FRπD21+hL0+LS2−32hL0+LS



(21)






∂σ∂L0=4FRπD21+hL0+LS2−32h2(L0+LS)3



(22)






∂σ∂LS=4FRπD21+hL0+LS2−32h2(L0+LS)3



(23)






∂σ∂D=−8FRπD31+hL0+LS2−12



(24)







For the given fibre tensile test example, the sensitivity coefficient for each quantity is determined using Equations (20)–(24) and input data from Table 1, and the results are given in Table 3. The combined standard uncertainty for the calculated fibre strength can then be evaluated from Equation (19), using measurement uncertainty from individual quantities from Table 2 and sensitivity coefficient values from Table 3.



The standard uncertainty for fibre strength for the given example was calculated to be:


ucσ=0.08GPa











Fibre strength for the given tensile test example can now be represented as a combination of the best estimate σbest and the calculated uncertainty uc, shown as follows:


σ=4.36GPawithucσ=0.08GPa











Following the determination of combined standard uncertainty ucσ using Equation (19), the expanded uncertainty Uσ was also calculated. It was determined by using Equation (17), as explained above. The values of the coverage factors t95 and t99 as determined from the T-distribution table for 95% and 99% level of confidence are 1.96 and 2.58, respectively. Using t95=1.96 and t99=2.58, the expanded uncertainties were calculated from Equation (17) as U95σ=0.16GPa and U99σ=0.21GPa. It is necessary to mention the values of coverage factor and level of confidence were used when results are reported in the form of expanded uncertainties. The fibre strength can then be reported as the best estimate σbest along with its expanded uncertainties U95σ and U99σ as follows:


σ=4.36±0.16GPa,foraconfidencelevelof95%










σ=4.36±0.21GPa,foraconfidencelevelof99%











For all 30 fibre tensile tests conducted, the best estimate for fibre strength σ and the corresponding measurement uncertainty ucσ is shown in Table 4, in increasing order of strength values. The scatter in failure stress (fibre strength) vs. failure strain is shown in Figure 4. The strength of fibres vary significantly with each other and hence the strength of fibres cannot be represented using a single average value because not all fibres possess a similar strength. Fibre strength behaviour is therefore typically represented by using an appropriate statistical distribution function such as the one proposed by Weibull [9]. This distribution considers the inherent variation in strength of fibres due to the stochastic nature of defects present inside them. To determine the parameters of this statistical distribution function, a set of fibre strength data such as the one generated for the present study, was used. Therefore, a sufficient number of fibre tensile tests had to be conducted to generate a representative fibre strength dataset.





3. Sensitivity Analysis


As mentioned above, uncertainty analysis focuses on quantifying the uncertainty in a model output, i.e., fibre tensile strength in the present study. An uncertainty analysis is ideally followed by what is known as a sensitivity analysis. While uncertainty analysis assesses the uncertainty in a model output that derives from uncertainty in inputs, a sensitivity analysis assesses the individual contributions of the inputs to the total uncertainty in outcomes of the analysis. An input can be classified as anything which causes a variation in the output of the model. Sensitivity analysis highlights the relative importance of inputs in determining the outputs. A sensitivity analysis was conducted for single fibre tensile strength tests to determine the relative influence of the different input quantities on fibre strength and is described in Section 3.1.



3.1. Sensitivity Analysis for Fibre Tensile Strength


For the fibre strength model given by Equation (9), the input consists of the different quantities which determine the strength. Of the different known methods for sensitivity analysis, the method of derivatives is the most widely used [32]. According to this method, sensitivity of a given output Y for an input X, is a function of the derivative ∂Y/∂X. To normalise the sensitivity for all quantities, this sensitivity is multiplied and divided by the standard deviations of the output and input, respectively, as given by Equation (25).


SXσ=σX∂YσY∂X



(25)




where SXσ is the sensitivity of the output for an input quantity X and normalised by the standard deviations; σX is the standard deviation of the input; σY is the standard deviation of the output; and ∂Y/∂X is the partial derivative of the output for the given input quantity. It is also recommended to report the square of the sensitivity measure since the sum of squares of the sensitivity neatly normalises to 1 for r different quantities, as given by Equation (26) [32].


∑r=1nSXiσ2=1



(26)







For the given fibre tensile test example discussed in Section 2, the sensitivity values for all five input quantities were calculated using Equation (25). The modulus of the calculated sensitivity values for each input quantity along with its relative rank of influence is given in Table 5.



Sensitivity measures of input quantities were also calculated for all the 30 tensile tests shown in Table 4. From the obtained results, the modulus of the average sensitivity value for each quantity was calculated and is given in Table 6.



From the sensitivity analysis, it can be seen that the measured fibre diameter D is the most sensitive or critical parameter for the determination of fibre strength from the single fibre tensile testing process. This is followed by the measured force of fibre failure FR. The other parameters are relatively much less significant and do not contribute much to the accuracy of the calculated fibre strength. It is however very important to note that these sensitivity indices have been calculated for single fibre tensile strength tests conducted at a gauge length of 30 mm. However, since different researchers have chosen different gauge lengths varying from 1 to 50 mm for determining fibre tensile strength, it would be useful to estimate the relative sensitivities of the input quantities for tensile tests conducted at other gauge lengths as well. For a different gauge length, the relative sensitivity of all the input quantities may change. Sensitivity measures of input quantities for fibre tensile tests at other gauge lengths are discussed in Section 3.2.




3.2. Estimation of Sensitivity for Tensile Strength at Other Gauge Lengths


As mentioned previously, fibre properties determined at smaller gauge lengths may be more appropriate to be used as input for composite strength and damage models. However, tests done at smaller gauge lengths are susceptible to experimental errors and uncertainties. To minimise these uncertainties, the effects of critical quantities that contribute to these uncertainties have to be minimised. These may be different for tests at different gauge lengths. The most critical quantities leading to uncertainties for tests conducted at different gauge lengths have been determined in this subsection.



For the determination of sensitivity indices for all input quantities at different gauge lengths, the experimentally generated fibre strength data in Table 4 were used. Since the tensile strengths of brittle fibres are known to follow the Weibull weakest link theory, the fibre failure forces for all 30 tensile tests were extrapolated to different shorter gauge lengths using the Weibull scaling function [8]. This extrapolation was made under the assumption that the fibre cross-sectional area remains constant during the test, which permits the extrapolation of failure loads to fibres of shorter gauge lengths. The other assumption was that the failure strain of the fibres remain the same for all gauge lengths. Both assumptions are realistic and already well established in the literature. Using the extrapolated data, fibre strength and the corresponding uncertainty were calculated for all the fibres using Equation (9) and the method described in Section 2.3, respectively. This was followed by the calculation of sensitivity measures for all quantities as already described. The sensitivity indices for all input quantities and for different gauge lengths are given in Table 7 and depicted graphically in Figure 5. It can be seen that, as the gauge length was decreased from 30 to 20 mm, the sensitivity measures for all quantities remained fairly consistent. However, fibre misalignment h, which was relatively insignificant for tests at 30 mm gauge length, increased in significance and could no longer be ignored. For a shorter gauge length of 10 mm, fibre misalignment became even more significant. The other quantities, i.e., measured fibre extension LS and measured fibre gauge length L0, were observed to slightly increase in significance. On further reducing the gauge length to 5 mm, the sensitivity of fibre misalignment increases further and it became one of the most critical parameters. The significance of fibre extension and fibre gauge length was also observed to increase. Since the sensitivity measure is a relative quantity, this increase comes at a cost of a decrease in sensitivity for the other major quantities, i.e., fibre diameter and failure force, which were both observed to decrease in relative significance. If the gauge length were reduced to 2.5 mm, the significance of the input quantities, fibre misalignment, fibre extension and fibre gauge length, further continued to increase substantially, due to which the significance of the other quantities, i.e., failure force and fibre diameter, continued to decrease drastically.



Taking into consideration the results from the sensitivity analysis, it would not be recommended to conduct any experimental studies with the single fibre testing methodology using fibres of very short gauge lengths. This is to avoid unwanted errors in measured fibre tensile strength due to fibre misalignment, improper measurement of fibre gauge length and fibre extension since it becomes very difficult to accurately control these quantities when fibres of a very small gauge length are used. The sensitivity of fibre tensile strength to these quantities is very high and even small measurement errors in these input quantities may lead to large inaccuracies in estimated strength.





4. Conclusions


In this study, different possible sources of errors due to experimental limitations in the fibre testing process were identified. Their effect on fibre tensile strength was analytically modelled. This model was used to statistically evaluate the uncertainties in experimentally determined fibre strength. When such a set of fibre tensile strength data is represented with the help of a statistical function, these uncertainties in individual fibre strength values are also propagated into the resulting function, and thus add uncertainty to the parameters of the statistical distribution function. Since fibre strength data are used as an input in composite strength models for predicting the material and structural behaviour, the predictions they make would also be unreliable. The knowledge of uncertainty in fibre strength would thus help in estimating the reliability of the predictions made by the composite strength models. A sensitivity analysis was conducted using a differential method, to rank the relative significance of input quantities on the calculated fibre strength. It was shown that, for fibres of a sufficiently large gauge length, the measured fibre diameter is the most sensitive or critical parameter for the estimation of fibre tensile strength. This is followed by the measured force of fibre failure. The other parameters were found to be relatively much less critical. However, composite strength and damage models require fibre properties for small gauge lengths. The sensitivity analysis showed that, for tests done at shorter gauge lengths, the other quantities, especially the fibre misalignment become very significant. This makes the fibre strength measurement susceptible to unwanted errors, as it becomes very difficult to accurately control these quantities when fibres of very small gauge length are used for tensile testing, and hence very small gauge lengths should be avoided. The influence of critical parameters on experimental fibre strength would also help in designing improved single fibre testing systems capable of determining fibre strength more accurately.
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Figure 1. (a) Schematic diagram of a single fibre mounted on a card frame; (b) major issues with sample preparation leading to inaccurate measurement of gauge length; and (c) angular misalignment in the fibre specimen. 
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Figure 2. The actual card frame used for preparing the fibre specimens. 
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Figure 3. Schematic diagram showing the effect of fibre misalignment on the effective load on the fibre. (Top) The effect of fibre elongation and system compliance on the instantaneous gauge length of the fibre, as measured by the displacement transducer. (Bottom) Fibre misalignment can occur in any direction in three dimensions, i.e., the fibre can be positioned anywhere inside a cone of angle α. 






Figure 3. Schematic diagram showing the effect of fibre misalignment on the effective load on the fibre. (Top) The effect of fibre elongation and system compliance on the instantaneous gauge length of the fibre, as measured by the displacement transducer. (Bottom) Fibre misalignment can occur in any direction in three dimensions, i.e., the fibre can be positioned anywhere inside a cone of angle α.
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Figure 4. Failure stress vs. failure strain scatterplot for all fibre tensile tests. 






Figure 4. Failure stress vs. failure strain scatterplot for all fibre tensile tests.



[image: Jcs 03 00069 g004]







[image: Jcs 03 00069 g005 550]





Figure 5. Sensitivity indices of different input quantities in tensile strength measurement of fibres at different gauge lengths. 






Figure 5. Sensitivity indices of different input quantities in tensile strength measurement of fibres at different gauge lengths.



[image: Jcs 03 00069 g005]







[image: Table]





Table 1. Best estimate values of all quantities for one single fibre tensile test.
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	S.N.
	Quantity
	Value
	Unit





	1
	FR
	0.16
	N



	2
	h
	1
	mm



	3
	L0
	30
	mm



	4
	LS
	0.69
	mm



	5
	D
	6.7 × 10−3
	mm
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Table 2. Measurement uncertainty values of all input quantities for the given fibre tensile test example, along with expanded uncertainty for a confidence level of 95% and 99%.
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	S.N.
	Measurement Uncertainty
	Value
	Expanded Uncertainty
	Value
	Expanded Uncertainty
	Value
	Unit





	1
	uFR
	1.27×10−3
	U95FR
	2.48×10−3
	U99FR
	3.28×10−3
	N



	2
	uh
	0.28
	U95h
	0.55
	U99h
	0.72
	mm



	3
	uL0
	0.34
	U95L0
	0.66
	U99L0
	0.88
	mm



	4
	uLS
	0.71
	U95LS
	1.38
	U99LS
	1.86
	mm



	5
	uD
	5.5×10−5
	U95D
	1.8×10−4
	U99D
	3.2×10−4
	mm
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Table 3. Sensitivity coefficient values of all quantities.
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	S.N.
	Quantity
	Value
	Unit





	1
	∂σ∂FR
	2.81×1010
	m−2



	2
	∂σ∂h
	4.63×109
	N·m−3



	3
	∂σ∂L0
	1.51×108
	N·m−3



	4
	∂σ∂LS
	1.51×108
	N·m−3



	5
	∂σ∂D
	−1.30×1015
	N·m−3
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Table 4. Best estimates and measurement uncertainty of fibre strength for 30 tensile tests.
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	S.N.
	σ (GPa)
	ucσ (GPa)
	S.N.
	σ (GPa)
	ucσ (GPa)
	S.N.
	σ (GPa)
	ucσ (GPa)





	1
	1.69
	0.07
	11
	3.23
	0.10
	21
	4.36
	0.08



	2
	1.78
	0.07
	12
	3.28
	0.11
	22
	4.45
	0.12



	3
	1.97
	0.06
	13
	3.48
	0.08
	23
	4.49
	0.05



	4
	2.23
	0.03
	14
	3.50
	0.18
	24
	4.72
	0.09



	5
	2.56
	0.06
	15
	3.52
	0.17
	25
	4.73
	0.12



	6
	2.72
	0.03
	16
	3.68
	0.14
	26
	4.85
	0.06



	7
	2.73
	0.05
	17
	3.75
	0.09
	27
	5.44
	0.31



	8
	2.82
	0.05
	18
	3.82
	0.07
	28
	5.68
	0.08



	9
	2.93
	0.06
	19
	4.04
	0.06
	29
	5.99
	0.17



	10
	3.03
	0.09
	20
	4.15
	0.12
	30
	6.92
	0.10
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Table 5. Sensitivity measures of each input quantity for the given single fibre tensile test example.
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	Rank
	Input
	∣Sensitivity∣
	Sensitivity2





	1
	D
	0.89
	0.79



	2
	FR
	0.45
	0.20



	3
	h
	1.63 × 10−2
	2.67 × 10−4



	4
	LS
	1.33 × 10−3
	1.76 × 10−6



	5
	L0
	6.35 × 10−4
	4.03 × 10−7
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Table 6. Average sensitivity measures for each input quantity for the set of 30 single fibre tensile test.
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	Rank
	Input
	∣Sensitivity∣
	Sensitivity2





	1
	D
	0.81
	0.66



	2
	FR
	0.48
	0.23



	3
	h
	0.02
	2.33 × 10−4



	4
	LS
	1.26 × 10−3
	1.58 × 10−6



	5
	L0
	6.03 × 10−4
	3.64 × 10−7
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Table 7. Sensitivity indices (S) of different input quantities in tensile strength measurement of fibres at different gauge lengths.
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	Input ↓
	30 mm

S
	20 mm

S
	10 mm

S
	5 mm

S
	2.5 mm

S





	D
	0.81
	0.83
	0.85
	0.74
	0.33



	FR
	0.48
	0.45
	0.38
	0.25
	0.08



	h
	0.02
	0.04
	0.15
	0.47
	0.62



	LS
	1.26 × 10−3
	4.36 × 10−3
	0.04
	0.23
	0.61



	L0
	6.03 × 10−4
	2.09 × 10−3
	0.02
	0.11
	0.29
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