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Abstract

:

Distributed fibre optic sensors (DFOS) are popular for structural health monitoring applications in large engineering infrastructure because of their ability to provide spatial strain measurements continuously along their lengths. Curved paths, particularly semicircular paths, are quite common for optical fibre placement in large structures in addition to straight paths. Optical fibre sensors embedded in a curved path configuration typically measure a component of strain, which often cannot be validated using traditional approaches. Thus, for most applications, strain measured along curved paths is ignored as there is no proper validation tool to ensure the accuracy of the measured strains. To overcome this, an analytical strain transformation equation has been developed and is presented here. This equation transforms the horizontal and vertical strain components obtained along a curved semicircular path into a strain component, which acts tangentially as it travels along the curved fibre path. This approach is validated numerically and experimentally for a DFOS installed on a steel specimen with straight and curved paths. Under tensile and flexural loading scenarios, the horizontal and vertical strain components were obtained numerically using finite element analysis and experimentally using strain rosettes and then, substituted into the proposed strain transformation equation for deriving the transformed strain values. Subsequently, the derived strain values obtained from the proposed transformation equation were validated by comparing them with the experimentally measured DFOS strains in the curved region. Additionally, this study has also shown that a localised damage to the DFOS coating will not impact the functionality of the sensor at the remaining locations along its length. In summary, this paper presents a valid strain transformation equation, which can be used for transforming the numerical simulation results into the DFOS measurements along a semicircular path. This would allow for a larger scope of spatial strains measurements, which would otherwise be ignored in practice.
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1. Introduction


Structural health monitoring (SHM) is the process of implementing a damage identification strategy for engineering structures and infrastructure [1]. SHM is a useful tool for ensuring the safety and integrity of a structure, detecting the evolution of damage, and estimating performance deterioration [2]. Early research work on SHM began in the 1970s; however, in the past decade, research on SHM accelerated due to the development of new sensors, electronic data storage, and computer data acquisition [3,4]. SHM consists of integrating the sensor devices with the structural components to extract continuous information related to the mechanical behaviour of a structure in various operational conditions [5,6]. Different types of sensors such as microelectromechanical systems (MEMS), accelerometers, optical fibres, vibration sensors, pressure-based sensors [7], and global positioning system (GPS) sensors [8] can be used during the SHM process for measuring a wide range of critical structural parameters, such as strain, temperature, displacement, pressure, and vibration [9]. Among all the structural parameters, strain can be considered as an important parameter, which can be utilised for SHM. Measuring strains on a structure has two advantages: firstly, strain directly reflects the deformation behaviour of a structure under loading, and secondly, strain is linked to the stress field, thereby any changes to a material stress field implies a change in the strain field [10,11]. Currently, surface strains on a structure are usually measured using foil strain gauges (FSG)/strain rosettes (SR), which are considered as a mature technology. However, FSGs are discrete sensors and can only provide localised strain values at locations close to the gauge [12], and moreover, they cannot be used for long-term SHM applications [13]. Alternatively, optical fibre sensors can be used to measure strains [14]. Optical fibre sensors, depending on the operating principle and construction, can be further divided into point, quasi-distributed, and distributed fibre optical sensors [15]. A discrete (point) optical fibre sensor such as a Fibre Bragg grating (FBG) sensor can provide strain measurement at a single location along the length of a fibre [16] and a significant amount of research work has been reported on SHM applications using FBG sensors [17]. Multiple FBG sensors can be multiplexed to form a quasi-distributed sensor. Contrary to point sensors and quasi-distributed sensors, distributed fibre optic sensors (DFOS) can provide one-dimensional spatial strain values continuously along their length with limited spatial resolution. Additionally, DFOSs are suitable for SHM during the operation of structures since they are capable of achieving the goals of diagnostics as well as condition monitoring [18]. Furthermore, they also exhibit many advantages including light weight, compact size, immune to electromagnetic interference, resistant to corrosion, and finally, the installation and operation of DFOS are simpler and more cost-effective compared to other sensors [19,20].



Due to superior sensing capabilities, DFOSs are gaining popularity among the research and industrial communities for sensing applications on various types of structures [21]. Shan et al. [10] employed DFOSs for monitoring strains on a complex curved composite structure. Distributed strain sensing along a high-performance composite hydrofoil with embedded DFOSs was performed by Maung et al. [12]. The sensing capabilities of a distributed fibre optic sensing system were evaluated by Davis et al. [22] by bonding DFOS on a centre fuselage of an ex-service aircraft under a full scale fatigue loading scenario. Three axis distributed strains were measured in 3D woven composite structures by Castellucci et al. [23]. Saidi and Gabor [24] embedded DFOSs into the core of textile reinforced cementitious matrix composites to assess the embedding capability, strength, and feasibility of strain measurements. Drake et al. [25] obtained the strain distributions from optical fibres arranged in three different configurations (spiral, grid, and rosette) on an aluminium cantilever beam subjected to tip load. The DFOS strain measurements in this study showed good agreement with strain gage measurements. Gifford et al. [26] demonstrated applicability of DFOS as a strain rosette by bonding a single DFOS in a circular loop configuration to a metal test sample. Meadows et al. [27] embedded DFOS in a double lap shear specimen and tensile tested them to obtain the strain response of the adhesive layer and to determine the impact of the sensor on the bond strength. Barker et al. [28] integrated a sensor system comprising fibre optic sensors and strain gauges on the rail and bridge members of Newmarket bridge in Canada to measure the strain experienced by the bridge during the passing of trains. Zhu et al. [29] proposed a smart carbon fibre reinforced polymer (CFRP) structure for distributed sensing with embedded DFOS. The CFRP package proposed in this paper provided mechanical protection to the optical fibre, enabled temperature–strain discrimination, and also facilitated the sensor’s installation to secure reliable measurements. The DFOS performance was investigated by Glisic et al. [30], who instrumented them on reinforced concrete elements. The DFOS characteristics investigated in this study include DFOS implementation methods, comparison and performance analysis of different bonding adhesives, and additionally, the fatigue performance of the DFOS sensors.



In all of these aforementioned research studies, the DFOSs were installed on the structures under testing and had two sections: straight paths and curved paths (turnaround region). The curved paths were primarily semicircular due to ease of placement, reproducibility, the fact that a semicircular loop of DFOS can also be used as a strain rosette [31], and moreover, a DFOS installed in a meandering pattern maximises the sensing region on a structure [32]. The schematic diagram of such fibre geometry is shown in Figure 1, which shows the DFOSs installed on the structures along with its two sections in two different research studies [3,4]. In all of these highlighted research studies, the DFOS strain measurements were validated using FSG measurements, finite element analysis (FEA), or a combination of both. Using FSGs for validating DFOS strain measurements is an expensive process in real structures as it requires multiple FSGs to be installed at various locations along the length of the fibre [33]. Furthermore, installing the FSGs is a complex and laborious process. FEA is considered as an inexpensive procedure for validating the DFOS strain measurements since it eliminates the need for complexities associated with the FSGs for installation.



However, there are certain challenges associated with comparing FEA results with DFOS strain measurements. One of the primary challenges is a comparison of FEA results to the strain measurements along the curved path of the DFOS. In all the research studies conducted to date with the DFOS layout arrangement as shown in Figure 1, the DFOS strain measurements along the curved region have been ignored when validating with FEA results or they have been validated with the FSG results. Since the DFOS measures axial strains, comparing the FEA and DFOS strain measurements along a straight path is much simpler as it requires no additional strain transformation, whereas the axis of the DFOS is oriented tangentially along the curvature in a curved fibre path. Therefore, for comparison along a curved section of DFOS, the strain transformation of the FEA results is necessary. This strain transformation has to be undertaken at each location along the curved path of the DFOS using three strain components. To avoid the arduous task of strain transformation at each location along the curved region, the DFOS strain measurements have been validated by comparing them with the FEA strains along a straight path. This approach is effective as long as the DFOS is looped around noncritical areas of a structure. However, if a DFOS is looped around a critical stress concentration area of a structure such as a hole, bolt, or a rivet, it is imperative that the strain measurements are validated for accuracy around the critical stress concentration areas. According to the authors’ knowledge, no strain transformation equation has been presented in the literature, which can be used for simultaneous transformation of the normal and shear strain components at different locations along a semicircular curved path into a strain component measured by the DFOS along the curved path at the locations where normal and shear strain components have been obtained.



In this paper, a strain transformation equation is presented for simultaneously transforming the horizontal, vertical, and shear strain components obtained at different locations along a semicircular path into a component of the strain measured by the DFOS along its curvature at those locations. The normal strain components   ‘  ε x  ’  ,   ‘  ε y  ’   and shear   ‘  γ  x y   ’   strain components were obtained numerically using FEA and experimentally using five strain rosettes under two loading conditions at different locations along a semicircular path. Then, the numerically and experimentally obtained strain components were substituted into the proposed strain transformation equation for deriving the transformed strain value    ε n   . Furthermore, the derived    ε n    values were validated by comparing them with the DFOS-measured    ε n    strain values. An illustration of the approach is depicted in Figure 2, which summarizes the procedure followed for transforming the horizontal and vertical strain components into a tangential strain component    ε n   .



The study detailed in this paper was undertaken using numerical simulations and experimental work. The theoretical background and the development of the strain transformation equation are presented in Section 2, followed by the experimental program in Section 3, where descriptions of the FEA procedure, experimental program, sensors used and their installation, and load applied on the specimens are provided. In the results and discussion in Section 4, the strains obtained from the FEA, strain rosettes, and DFOS are presented along with a comparison between them and finally, the outcomes of this study are presented in the conclusions in Section 5. The strain transformation equation, which is the main contribution of this research to the paper, can be used for validating the DFOS strain measurements with the numerical simulation results along a semicircular section of the DFOS path. This will help to advance the field of distributed fibre optic sensing by increasing the accuracy and reliability of the strain measurements provided by the DFOS during SHM applications.




2. Formulation of Transformation Equation


The strain transformation equation presented in this paper is based on a 2D plane strain theory of elasticity. In a 3D strain state, a solid element has three normal and three shear strain components. In contrast, in a 2D plane strain condition, the strain normal to the   x − y   plane (   ε z   ), and the shear strain (   γ  x z    ) and (   γ  y z    ) are assumed to be zero. The non-zero normal strain components    ε x    and    ε y   , and shear strain component    γ  x y     on a 2D solid element in   x − y   coordinate system are shown in Figure 3. In the rotated 2D solid element shown in Figure 3, the axes   x ′   and    y ′    are oriented at certain angle θ with the   x − y   coordinate system. The strain transformation from the   x − y   coordinate system to    x ′  −  y ′    can be achieved using the general 2D plane strain transformation in Equation (1).


   [       ε  x ′          ε  y ′          γ   x ′   y ′         ]  =  [        cos  2  θ     s i  n 2  θ     s i n θ c o s θ       s i  n 2  θ       cos  2  θ     − s i n 2 θ       − sin θ cos θ     sin θ cos θ     cos 2 θ      ]   [       ε x         ε y         γ  x y        ]   



(1)







From past research studies [10,12,23,24,25,26,27,29,34], it can be seen that the most effective way of placing the DFOS sensor to increase the sensing region was to lay it in a straight line and in the form of a semicircular geometry. Therefore, the strain transformation equation that is presented here deals with a semicircular fibre path geometry. A schematic representation of the semicircular geometry, along whose curvature the strain transformation is undertaken, is shown in Figure 4. In the displayed   x − y   coordinate system, the  x  axis indicates the horizontal direction and the  y  axis denotes the vertical direction. The rotated axis which aligns tangentially with the curvature of the DFOS path is denoted by  n .



Equation (1) was simplified to provide only one strain component    ε n   , which aligns with the  n  axis, as shown in Equation (2). The strain transformation can be undertaken at one location along the curvature of the DFOS using Equation (3). However, the equation was modified to perform the strain transformation simultaneously at five different locations along the curvature of the semicircular geometry. In Equation (4),    ε  x 1   −  ε  x 5    ,    ε  y 1   −  ε  y 5    , and    γ  x y 1   −  γ  x y 5     are the normal and shear strain components in the   x − y   plane at five locations along the curve. Angles    θ 1  −  θ 5    are between the tangential axis n and horizontal axis x. Finally, the output    ε  n 1    ,    ε  n 2    ,    ε  n 3    ,    ε  n 4    , and    ε  n 5     are the transformed values at five locations along the curvature of the semicircular geometry. Here,  c  and  s  are short forms of   c o s i n e   and   s i n e   functions, respectively.


   [       ε n         ε   n ′           γ  n  n ′         ]  =  [      c o  s 2  θ     s i  n 2  θ     s i n θ c o s θ      0   0   0     0   0   0     ]   [       ε x         ε y         γ  x y        ]   



(2)






   ε n  =  ε x  c o  s 2  θ   +  ε y  s i  n 2  θ +  γ  x y   sin θ c o s θ  



(3)






   [     ε  n 1        ε  n 2        ε  n 3        ε  n 4        ε  n 5      ]  =  [     c 2   θ 1     s 2   θ 1    c  θ 1  s  θ 1    0   0   0   0   0   0   0   0   0   0   0   0     0   0   0    c 2   θ 2     s 2   θ 2    c  θ 2  s  θ 2    0   0   0   0   0   0   0   0   0     0   0   0   0   0   0    c 2   θ 3     s 2   θ 3    c  θ 3  s  θ 3    0   0   0   0   0   0     0   0   0   0   0   0   0   0   0    c 2   θ 4     s 2   θ 4    c  θ 4  s  θ 4    0   0   0     0   0   0   0   0   0   0   0   0   0   0   0    c 2   θ 5     s 2   θ 5    c  θ 5  s  θ 5     ]  [      ε  x 1        ε  y 1        γ  x y 1        ε  x 2        ε  y 2        γ  x y 2        ε  x 3        ε  y 3        γ  x y 3        ε  x 4        ε  y 4        γ  x y 4        ε  x 5        ε  y 5        γ  x y 5       ]  



(4)








3. Experimental Program


For deriving the    ε n    strain measurements using Equation (4), the normal and shear strains were measured numerically and experimentally on a 5 mm thick flat steel specimen under two different loading scenarios: (i) Tensile and (ii) Flexural. In each loading scenario, three incremental loads were applied on the specimen in each run. The dimensions of the specimen used for tensile loading are shown in Figure 5a, and the dimensions of the specimen used for flexural testing are shown in Figure 5b. Initially, numerical analysis was performed using commercial FEA software, ANSYS workbench 19.1, and a later experiment was performed under two loading conditions for validation.



3.1. Finite Element Analysis (FEA)


The FEA was performed on the 3D model of a flat steel specimen under tensile and flexural loads. A linear elastic material model was used. The material properties of the structural steel used in this analysis were Young’s modulus (E) of 205 GPa, Poisson’s ratio (µ) of 0.3, and a Yield strength (σy) of 250 MPa. In FEA, meshing of the geometry determines the quality and accuracy of the strain results. For computational efficiency and accuracy, a finer mesh with an element size of 3 mm was used in the critical sections of the 3D FE models for the two loading cases. The tensile loaded specimen was meshed with a combination of 30,910 quad and tetrahedron elements. The gauge length, which was the critical area of the specimen, was meshed with quad elements, and remaining surfaces mainly gripping the section were meshed with tetrahedron elements. In contrast, the geometry of the flexural loading specimen was flat without any shoulders, therefore it was meshed with 62,086 quad elements. A semicircular path with radius of 20 mm was created on the specimen to replicate the curved semicircular region of the DFOS. In the tensile loading scenario, three loads of 5, 10, and 15 kN were applied on one end of the specimen and a fixed support boundary condition constraining all the degrees of freedom was specified on the other end of the specimen. In contrast, for the flexural tests, the specimen was under the cantilever loading condition with a fixed support boundary condition applied on one end of the specimen and loading was applied at the other end of the specimen. Three varying flexural loads of 50, 75, and 100 N were applied on the specimen during the flexural testing. For both load cases, normal and shear strain components were extracted at ten locations along the curve at angles    α 1  −  α  10    , which are shown in Table 1. The angles    α 1  −  α  10     are measured from the horizontal axis ‘ x ’ as shown in Figure 4. As the axis ‘n’, which is shown in Figure 4, travels along the length of the curve, it makes an angle ‘   θ n   ’ with the horizontal axis. The angles    θ 1  −  θ  10     between the axis ‘n’ and the ‘x’ axis at the ten measured locations are displayed in Table 2. The normal and shear strain components obtained from FEA along with the angles    θ 1  −  θ  10     were substituted into Equation (4) for deriving the    ε n    values.




3.2. Specimens for Experiments


The flat steel specimens used in the experiments had similar dimensions to FEA geometries. Under tensile load, FEA had predicted almost identical strains on both the surfaces of the specimen. Hence, for validating the FEA strain measurements, five triaxial 0°/45°/90° stacked strain rosettes were used along with the DFOS during the tensile test. A single rosette provided the    ε x   ,    ε y   , and    γ  x y     components of strain at one specific location. These components (15 from 5 rosettes) of the strain were substituted into Equation (4) for deriving the    ε n    values. The DFOS, which was bonded on the other side of the specimen, directly provided the    ε n    values along its length. However, during the flexural testing, the strains on both the surfaces of the specimen are dissimilar, so only DFOS was used.



3.2.1. Strain Rosette (SR) Installation


Five rosettes supplied by Tokyo Measuring Instruments Lab were used in this study. The rosettes were installed at five locations to form a semicircle with a radius of 20 mm. The locations where the rosettes were installed on the curve correspond to locations    α 1   ,    α 3   ,    α 5   ,    α 7   , and    α 9   , which are detailed in Table 1. The gauge length and resistance were 3 mm and 120 Ω, respectively. Before installing the rosettes, the surface of the specimen was abraded and cleaned with isopropanol to remove all sharp edges and particulates, which could influence the strain measurements. Finally, the rosettes were bonded with cyanoacrylate adhesive at the marked locations. The surface of the specimen with rosettes installed is shown in Figure 6.




3.2.2. Instrumentation of the Distributed Fibre Optic Sensor (DFOS)


On the tensile test specimen, numerical simulations had shown equal strain levels on the two surfaces of the specimen. For this reason, the DFOS was installed on the opposite surface of the specimen to where strain rosettes were installed. In contrast, for the flexural test specimen, numerical simulations had shown that one side of the specimen was under tension, while the other surface of the specimen was under compression. To be consistent with the tensile testing, the DFOS was installed on the surface, which experienced tension under applied load. A single mode polyimide-coated optical fibre with a diameter of 150 µm was used in this study. Before bonding the DFOS, the surfaces of the steel specimens were cleaned with isopropanol. Using a semicircular guide with radius of 20 mm placed on the surface of the specimen, markings were made for installing the DFOS. Finally, the DFOS was bonded along the markings with cyanoacrylate adhesive, as shown in Figure 7. A Luna innovations ODiSI-B® distributed fibre optic sensor interrogator was used for measuring the strains along the length of the DFOS. The interrogator had a gauge length of 5 mm with a sampling spacing of 2.6 mm.




3.2.3. Experiments for Tensile and Flexural Loading


The tensile and flexural loads were applied on the steel specimens using an Instron universal testing machine with 50 and 1 kN load cells, respectively. Initially, a tensile test was carried out, followed by flexural testing. In the two loading scenarios, the load applied on the specimens was similar to what was applied during the FEA. The specimen, along with its sensors fixed in the jaws of the tensile testing machine, is shown in Figure 8a. Under flexural loading, a jig was used for fixing one end of the specimen and load was applied on the other end of the specimen, as shown in Figure 8b.






4. Results and Discussion


4.1. Strains Predicted from FEA


The normal and shear strain components under tensile and flexural loads,    ε x   ,    ε y   , and    γ  x y    , were extracted at ten different locations along the length of the curve, outlined in Table 1. The normal and shear strains for 5, 10, and 15 kN tensile loads using FEA are shown in Figure 9. In Figure 9, it can be observed that the strains oriented with the vertical axis were under tension, while the strains oriented with the horizontal axis were under compression, and the shear strain components were transitioning from compression to tension along the curvature of the semicircle. The normal and shear strains (   ε  x 1   −  ε  x 10    ,    ε  y 1   −  ε  y 10    ,    γ  x 1   −  γ  x 10    ) and angles at different locations (   θ 1  −  θ  10   )   are substituted into Equation (4) for evaluating the transformed strains (   ε  n 1   −  ε  n 10   )  . The transformed strains    ε  n 1   −  ε  n 10     under the tensile load are shown in Figure 10. The results from the plot indicate that the    ε n    values were under tension at the start of the curve, then transitioned into compressive strains at the midpoint of the curve, and finally, at the end of the curvature, the strains were under tension.



On the specimen loaded under flexure, the DFOS was on the tensile surface. To be consistent with the experimental measurements, in FEA, the    ε x   ,    ε y   , and    γ  x y     values were extracted on a similar surface which had undergone tension due to applied load. The normal and shear strains    ε  x 1   −  ε  x 10    ,    ε  y 1   −  ε  y 10    , and    γ  x y 1   −  γ  x y 10     from FEA under 50, 75, and 100 N flexural load are shown in Figure 11. The strains shown in Figure 11 for flexural loading followed a similar trend to the strains obtained under tensile loading. The vertical strain components    ε y    were under tension, while the horizontal strain components    ε x    were under compression, and the shear strain components    γ  x y     transitioned from compression to tension from the start to the end of the curve. The normal and shear strain components and the    θ 1  −  θ  10    , shown in Table 2, were substituted into the Equation (4) for finding the transformed strain values    ε n   . The derived strain values    ε  n 1   −  ε  n 10     using the proposed strain transformation equation are shown in Figure 12. The strains shown in Figure 12 also followed a similar trend to the    ε n    values derived under tensile loading, which are shown in Figure 10, transitioning from tension to compression and to tension from start to the end of the curve.




4.2. Strains Measured Using SR


Each 0°/45°/90° stacked SR provided three strain measurements, namely    ε a   ,    ε b   , and    ε c   , aligned along the axis, as shown in Figure 13. These strain measurements were substituted into rosette transformation (Equation (5)) for obtaining the normal and shear strain components    ε x   ,    ε y   , and    γ  x y    . The strain measurements    ε  x 1   −  ε  x 5    ,    ε  y 1   −  ε  y 5    , and    γ  x y 1   −  γ  x y 5     obtained from the five rosettes under the application of 5, 10, and 15 kN tensile load are shown in Figure 14. A similar procedure to the one used with the FEA results was used with the strains measured using rosettes for    ε  n 1   −  ε  n 5    . The transformed strain values    ε  n 1   –  ε  n 5     derived from the rosette measurements are presented in Figure 15. The strain measurements, which are shown in Figure 14 and Figure 15, had a close correlation both qualitatively and quantitively to the strains shown in Figure 9 and Figure 10, which are obtained numerically under the tensile loading scenario.


   [       ε a         ε b         ε c       ]  =  [      c o  s 2   (   θ a   )      s i  n 2   (   θ a   )      c o s  θ a    s i n  θ a        c o  s 2   (   θ b   )      s i  n 2   (   θ b   )      c o s  θ b    s i n  θ b        c o  s 2   (   θ b   )      s i  n 2   (   θ c   )      c o s  θ c    s i n  θ c       ]   [       ε x         ε y         γ  x y        ]   



(5)








4.3. Strains Monitored Using DFOS


The DFOS was adhesively bonded on the specimen surface in a semicircular form, with a radius of curvature   r = 20   mm and an arc length of 62.83 mm. The DFOS measured the strains at 2.6 mm intervals along its length. The strain values    ε n   , measured by the DFOS along its length under 5, 10, and 15 kN tensile load, are shown in Figure 16. The start and end of the curve are also highlighted in Figure 16. From the plot, it can be seen that at the start of the curve, the strains on the specimen are maximum and tensile, and at the centre of the curve, the specimen strains are at maximum compression.



The DFOS strain measurements (   ε n   ) on the flat steel specimen under the application of three varying flexural loads are shown in Figure 17. The strains measured by the DFOS along the curvature during the application of flexural load had a similar trend to that of strains measured during the tensile loading. The strains are tensile and maximum at the start and end of the curve, and at the centre of the curve, the specimen strains are maximum compression strain. Gifford et al. [26], in their research paper, have reported that for a uniaxial load, the strain distribution along a circular DFOS loop is in the form of a sinusoidal pattern. The semicircular DFOS strain measurements, which are obtained in this study for both tensile and flexural load, followed a similar pattern to what was highlighted in the research study by Gifford et al. [26], however with a phase difference. The strains measured by the DFOS for both the load cases were within the elastic limit of the steel which correlated with the applied load.




4.4. Comparison of the Strain Measurements between FEA, DFOS, and SR


The    ε n    strain values derived by the FEA and rosettes (denoted by SR) were compared with the DFOS strain measurements for validation. A comparison of the strain measurements    ε n    under tensile load is presented in Figure 18. In the plot shown in Figure 18, it can be observed from the plot that the strain increased linearly with an increase in applied load. Furthermore, the strains were within the elastic strain limit of the steel. The    ε n    values derived from the FEA and strain rosettes are in close agreement with each other. The FEA and strain rosettes results are also in close agreement with the DFOS results. However, at the location    α 7   , at an arc length of 47.1 mm, significant deviation can be observed in the    ε n    values measured by the DFOS.



Initially, it was theorized that the large difference in strain values could be due to the localised imperfect bonding of the DFOS on the surface of the specimen. To identify the flaws in the sensor bonding, the DFOS was examined under optical microscopy. A commercial Digital Olympus DSX510 microscope with 13.5X optical zoom and 30X with digital zoom was used for microscopic examination of the DFOS coating. Microscopic examination showed that while there was no flaw in the DFOS bonding, the DFOS polyimide coating was damaged at the location where the sensor measured high strain reading. The intact DFOS coating at two different locations on the fibre is shown in Figure 19a, and the damaged DFOS coating is displayed in Figure 19b. The damage to the DFOS coating may have occurred during the sensor installation process and may have contributed to the high localised strain readings. A comparison of the strain difference between the coated and uncoated fibre for the same applied stress was carried out by Okabe et al. [35], through calculations and experiments. The results from this study showed that an uncoated fibre measures high strains than a coated fibre, which provided a smoothened strain distribution. The influence of different DFOS coatings on the strain measurements has been further highlighted in the previous research studies conducted by Weisbrich and Holschemacher [36] and Oliveira et al. [37]. At the remaining locations, the    ε n    values obtained through FEA, strain rosettes, and DFOS correlated with each other. The strong correlation of the DFOS readings, strain rosettes readings, and FEA results at locations of approximately 10 mm away from the damaged location indicates that the DFOS can continue to function with integrity with a point of localised damage.



A comparison of the derived strain values using the strain transformation equation and measured strain values using the DFOS under flexural loading is presented in Figure 20. Since no strain rosettes were used during the flexural testing, the derived    ε n    values were only compared with the    ε n    measurements of the DFOS. From the results, a close correlation between the derived strain values and measured strain values can be observed. Furthermore, the difference between the strain values for flexural loading is less than that of the tensile load. During the flexural testing, good adhesion and an intact sensor resulted in the reduction in deviation between the DFOS and FEA strain values.



The comparison results shown in Figure 18 and Figure 20 under tensile and flexural loading scenarios confirm that the strain transformation equation which is proposed in this paper can be used for transforming the normal and shear strain components along a semicircular path into a component of strain measured by the DFOS along that semicircular path. The equation is derived based on characteristic parameters for a semicircle, which can be translated to any scalable structures as long as the DFOS path is semicircular and the minimum diameter specified by the manufacturer is maintained. Furthermore, on the assumption that behaviour of the structure is elastic and the adhesion of the sensor to the substrate is intact, any loading condition either static or dynamic in nature would not affect the strain measurements because the dynamic loading is a time-dependent loading and DFOS would provide accurate response under such loading conforming the transformation. Although this study was performed on a smaller specimen under static loading, the proposed strain transformation equation can be valid for larger structures subjected to dynamic loading when the DFOS is bonded in a semicircular path around the critical areas of a structure. Furthermore, based on the semicircular strain field results obtained in this research study and also the strain field along a full circular loop from a previous investigation conducted by Gifford et al. [26], it can be asserted that the DFOS strain field follows a distinct sinusoidal pattern along a circular curve, which is independent of the structure size and loading. However, the strain transformation equation presented in this paper is valid only when the DFOS is bonded in a semicircular path with a radius of curvature as specified by the manufacturer of the DFOS sensor. Any deviations along the curvature of the semicircle may lead to inaccuracies in the strain transformation. Furthermore, the DFOS must be free from defects and also, the surface of the structure under test must be flat and free from any curvature.





5. Conclusions


Distributed fibre optic sensors (DFOS) are popular for structural health monitoring applications in large engineering structures and infrastructure because of their ability to provide spatial strain measurements continuously along their length. The DFOS is laid on the surface of a structure for measuring strains in the form of straight lines connected between semicircular loops. Usually, the strains along the curved region of the DFOS are neglected when validating the DFOS strain measurements with the computational simulations. In this study, an analytical strain transformation equation was presented to transform the horizontal and vertical strain components obtained along a semicircular path into a strain component which acts tangentially as it travels along that semicircular path. The main conclusions of this study can be summarised as follows:




	
The transformed strain values derived through the strain transformation equation correlated well with the experiments under tensile and flexural loading scenarios.



	
The DFOS strain field along a circular or semicircular curve follows a distinct sinusoidal pattern which is independent from the structure size and loading.



	
A localised damage to the DFOS coating can influence the strain measurements at that location. However, deviations in DFOS readings are localised to the point of damage event under certain conditions, which is further evidence of the suitability of the DFOS in SHM applications.



	
Overall, this study has successfully demonstrated that the proposed strain transformation equation can be used for transforming the horizontal and vertical strain components obtained through FEA along a semicircular geometry into a tangential component of the strain measured by the distributed fibre optic sensor along the curved semicircular paths.
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Figure 1. Layout of the distributed fibre optic sensor (DFOS) in straight path and semicircular path for measuring strains on a composite structure [12]. 
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Figure 2. Illustration of the strain transformation method on a semicircular path of the distributed sensor. 
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Figure 3. 2D solid element in: (a)   x − y   coordinate system; (b)    x ′  −  y ′    coordinate system. 
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Figure 4. Schematic illustration of the semicircular geometry used in this study for strain transformation. 
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Figure 5. Geometrical dimensions of the specimens for: (a) Tensile test; (b) Flexural test. 
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Figure 6. Details of strain rosettes: (a) triaxial strain rosette being placed; (b) strain rosettes installed on the semicircular path. 
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Figure 7. Preparation of specimen: (a) Guide used for mounting the DFOS; (b) DFOS path on the surface of the specimen. 
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Figure 8. Specimens along with its sensors during testing: (a) Tensile loading; (b) Flexural loading. 
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Figure 9.    ε  x 1   –  ε  x 10    ,    ε  y 1   −  ε  y 10    , and    γ  x y 1   –  γ  x y 10     normal and shear strains obtained through FEA under tensile loading. 
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Figure 10.    ε  n 1   −  ε  n 10     transformed strains under tensile loading. 
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Figure 11.    ε  x 1   –  ε  x 10    ,    ε  y 1   –  ε  y 10    , and    γ  x y 1   –  γ  x y 10     normal and shear strains obtained through FEA under flexural loading. 
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Figure 12.    ε  n 1   –  ε  n 10     transformed strains under flexural loading. 
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Figure 13. Illustration of the triaxial strain rosette used in this study. 
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Figure 14.    ε  x 1   −  ε  x 5    ,    ε  y 1   –  ε  y 5    , and    γ  x y 1   –  γ  x y 5     strain measurements obtained using strain rosettes. 
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Figure 15.    ε  n 1   –  ε  n 5     transformed strains derived from strain rosette measurements. 
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Figure 16. Strains measured by the DFOS under tensile load. 
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Figure 17. Strains measured by the DFOS under flexural load. 
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Figure 18. Comparison of the    ε  n 1   –  ε  n 10     values obtained in tensile specimen at a loading of: (a) 5 kN; (b) 10 kN; (c) 15 kN. 
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Figure 19. Microscopic images of the surface bonded DFOS: (a) intact DFOS coating; (b) damaged DFOS coating. 
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Figure 20. Comparison of the    ε  n 1   –  ε  n 10     values obtained in flexural specimen at a loading of: (a) 50 N; (b) 75 N; (c) 100 N. 
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Table 1. Locations for transformation along the arc length of the curve.
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	Location
	  α   (°)
	Arc Length (mm)





	    α 1    
	0
	0



	    α 2    
	20
	6.98



	    α 3    
	35
	12.21



	    α 4    
	58
	20.24



	    α 5    
	90
	31.41



	    α 6    
	108
	37.69



	    α 7    
	135
	47.12



	    α 8    
	158
	55.15



	    α 9    
	173
	60.38



	    α  10     
	180
	62.83
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Table 2.    θ 1  –  θ  10     between the n-axis and x-axis.
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	Location
	  θ   (°)





	    θ 1    
	90



	    θ 2    
	70



	    θ 3    
	55



	    θ 4    
	32



	    θ 5    
	0



	    θ 6    
	−18



	    θ 7    
	−45



	    θ 8    
	−68



	    θ 9    
	−83



	    θ  10     
	−90
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