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Abstract

:

The objective of this paper was to design configuration parameters for a stepped-lap scarf joint repair, which can be used for spar cap damage of a wind turbine blade in service and to realize the post-repair monitoring. Two experimental studies were included. First, tensile test for the unidirectional tape specimens with a large aspect ratio repaired using a multiple stepped-lap scarf joint method was carried out. The results showed that the reinforcement layer could effectively improve the load-carrying capacity of the repaired zone. The stepped-lap joint surface was identified as the weak part of the spar cap repair, which should be monitored. Second, by embedding carbon nanotube buckypaper sensors on the stepped-lap joint surface of the repaired specimens, quasi-static tensile tests and fatigue tests were carried out. According to the resistance response of the sensors, the quasi-static tensile test confirmed the failure processes, namely the stiffness turning point, damage evolution, crack propagation, and fracture. The fatigue test could accurately identify the progressive failure, namely the initial damage, damage accumulation, initial cracking, and crack propagation to structural failure. The above tests provided an important configuration parameter basis for evaluating the spar cap repair scheme and presented a promising method for the health monitoring of a spar cap after repair.
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1. Introduction


With a growing number of composite wind turbine blades now in service, blade maintenance is becoming a major issue [1]. As the service year increases, the hidden defects gradually show up [2,3]. Being affected by environmental corrosion, manufacturing defects, insufficient design, aging of materials, and overload [4,5], the hidden defects eventually appear as different failure modes [6] (such as fiber fracture, matrix failure, delamination, etc.) and damage types [7] (such as adhesive joint failure between skins, sandwich panel face/core debonding, gelcoat cracks, etc.). Through the process of assessing the extent of the damage, analyzing the damage stress state, designing a repair scheme, and timely maintenance, most of the structural damage of wind turbine blades in service (such as trailing edge cracking, leading edge corrosion, shell crack, etc.) can be effectively repaired [8]. However, when the damage occurs in the key load-carrying structures, such as the spar cap and root connection zone, the DNV GL (Det Norske Veritas Germanischer Lloyd) international certification standard for wind turbines clearly state it is necessary to construct a rational test model that can represent the real damage zone and preliminary repair scheme to evaluate the scheme before repair takes place [9]. Based on the model test results, the final repair scheme is developed. The spar cap is a pure unidirectional tape with a large aspect ratio structure. It is overlapped by a unidirectional cloth. The length is basically the same as the blade length, which is much larger than the width and thickness of the spar cap [10,11,12]. The thickness of the spar cap varies along the blade length; generally, the thickest zone (over almost 50 layers) is always from the maximum chord to 1/2 of the blade length, which is also the most important load-carrying zone of a spar cap. In this thick layer zone, it is easy to produce in-plane wrinkles and out-plane wrinkles during the blade manufacturing, which significantly reduces the local strength of the spar cap [13,14]. Under the alternating action of the ultimate load and fatigue load, the coupling response of delamination and buckling may easily occur in this zone [15,16,17,18,19,20]. Once the damage is macroscopic (Figure 1a), it may have already become very serious, and the repair area and the repair depth of the spar cap will be large (Figure 1b). Moreover, if the repair scheme is not rational and there is no effective health monitoring method after the repair, it will increase the operational risk. Under the conditions of strong wind speed and large changes in wind direction, it is easy to create new cracks near the repaired area (Figure 1c), which could cause serious accidents and economic losses (Figure 1d) [21]. Therefore, the damage of the spar cap (such as delamination or wrinkles) is very complicated and a difficult aspect of blade repair.



According to the parent structure and patch configuration, composite material repair methods mainly include the patch and scarf methods [22], as shown in Figure 2a,b. The patch method fixes the external patch by bonding or co-curing outside the damage to restore the serviceability of the structure [23]. This method is simple and convenient, which is mostly used for structures with a thin plate thickness. The scarf method is an adhesively bonded repair method that requires the removal of the defects or damage zone and replacing them with new materials. There is no eccentric load in the scarf method, and the peeling stress in the adhesive layer is small, so the repair efficiency is high and the application range is wide [24]. It has many advantages for repairing surfaces with a large curvature or aerodynamic shape requirements [25,26]. The scarf method is mainly divided into a tapered scarf and a stepped-lap scarf, as shown in Figure 2c,d. These two repair methods have completely different transmission paths and stress distributions due to the different configurations of the adhesive joint surface. The quality of the tapered scarf repair is strongly influenced by the selection of a rational scarf angle, the thickness of the adhesive layer, the shape of the patch, and the design of the reinforcement layer [27,28,29,30,31,32,33,34]. Meanwhile, the patch of the tapered scarf repair is usually in the form of prefabricated components according to the configuration parameters of the scarf shape. The patch is adhesively bonded with the parent structure. The thickness of the adhesive layer is very thin and there is a nearly uniform shear stress distribution, such that the repair quality is easily guaranteed. The adhesive layer of the stepped-lap scarf joint repair is mostly in a pure shear state, but the stress concentration degree is large at the adhesively bonded joint [35,36,37]. In order to alleviate the stress concentration, many scholars have focused their research on improving the load-carrying capacity of the stepped-lap joint surface and adhesively boned joint [38]. The USAF-onded stepped-lap computer code A4EI provides a purely elastic analysis method that can estimate the load-carrying capacity of a double-stepped-lap joint surface with a constant adhesive thickness [39]. Kimiaeifar presented a simple and novel approach for the assessment of the reliability and probability of failure for the adhesive layer of a stepped-lap joint repair, including the influence of variations in the geometrical, physical, strength parameters, and external loading over the joint [40]. An additional reinforcement layer in the repair zone can generate an additional load transmission path and reduce the local stress concentration near the adhesively bonded joint, which significantly improves the buckling characteristics and failure loads of the stepped-lap scarf joint repair [41]. The patch for a stepped-lap scarf repair needs to be laid layer by layer according to the stepped-lap width. The patch and the parent structure are post-cured. The spar cap of the blade is a unidirectional tape with a large aspect ratio, and the damage location, depth, and severity degree of the spar cap cannot be prejudged, such that it is impossible to use a prefabricated patch for repair. Therefore, the stepped-lap scarf joint repair method is more suitable for spar cap damage [42]. In order to ensure the repair quality, the stepped-lap width along the fiber orientation should be designed to be wide enough, where the stepped-lap width should be much larger than ply thickness.



In this study, a carbon nanotube buckypaper sensor was selected to monitor the health condition of the spar cap repaired zone. Carbon nanotube buckypaper is a porous material with a 3D conductive network formed by the interaction of carbon nanotubes [43]. The inside of the carbon nanotube buckypaper is a complex resistance network that acts as a resistance-type sensor on the macro level. The sensing network is complex and workers in this field have divided the resistance into two parts: one is the carbon nanotube structure itself, which gives intrinsic resistance, and the other is the contact resistance, which is formed by carbon nanotubes interacting with each other. In recent years, as a flexible sensor with good interface bonding and high sensitivity, carbon nanotube buckypaper sensors have become a research hotspot in the field of curing state and health monitoring of composite materials. Lu’s team embedded a carbon nanotube buckypaper sensor in the composite laminate during the vacuum-bagging process and found that the curing behavior of epoxy/glass composites can be effectively monitored by the relative resistance change of the sensor [44]. Xu focused on the strain monitoring and found that the circular carbon nanotube sensor exhibited the characteristics for multi-direction strain measurement [45]. Huo’s team prepared carbon nanotube buckypaper composites and characterized the self-sensing properties of bending deformations. The results showed that the resistance change rate of a carbon nanotube buckpaper sensor was consistent with that of a strain gauge [46]. The sensing mechanism of a carbon nanotube buckypaper sensor showed that the resistance increased with the increase of strain. Therefore, the circular carbon nanotube buckypaper sensor has the function of multi-direction strain monitoring, which can be used as an effective tool for composite-structure health monitoring. This sensor was selected in this study to qualitatively monitor the running status of the spar cap after repair, while numerical error analysis is not discussed.



Aiming at the spar cap damage of blade in service, the stepped-lap scarf joint repair was selected for this study, and the basic configuration and health monitoring tests were constructed. The basic configuration test was a tensile test. The large aspect ratio specimens with multiple configuration parameters of stepped-lap scarf unidirectional tape were selected for the test. The results confirmed the sensitivity parameters and failure mode of the spar cap stepped-lap scarf joint repair. According to the damaged weak zone confirmed by the configuration test, the health monitoring test for the spar cap stepped-lap scarf joint repair was constructed by embedding carbon nanotube buckypaper sensors. Under static and fatigue loads, the sensors successfully monitored the progressive damage and the crack propagation signal of the test specimens. Based on the above two tests, important configuration parameters were confirmed for the spar cap repair scheme. The results provide an important basis for the health monitoring of blades in service after repair.



To explain the tests, the key terms of the repair methods mentioned in this paper are given graphically. The stepped-lap mode of the stepped-lap scarf joint repair is divided into a single stepped-lap (Figure 3a) and double stepped-lap (Figure 3b). A double stepped-lap scarf joint repair (Figure 3c) mainly includes the parent structure, the patch, and the stepped-lap joint surface. The parent structure is the original structure before the damage occurred. The patch is a composite material structure that adhesively bonds over the damaged area, utilizing a scarf of a stepped lap. The single layer thickness of the patch is the ply thickness. The connection surface of the parent structure and patch is a stepped-lap joint surface. A stepped-lap joint surface contains an adhesive layer and two adhesive boundary layers. One of the two layers is between the adhesive and the patch, the other layer is between the adhesive and the parent structure. Adhesively bonded joints are on the edge of the stepped-lap joint surface. Rational design of the stepped-lap width and reinforcement layer can relieve the stress concentration of the adhesively bonded joint.




2. Stepped-Lap Scarf Joint Repairing Method


The theoretical model shown in Figure 4 is a stepped-lap scarf joint repair with a large aspect ratio, where the thickness of the laminates along the y-direction is taken to be small compared with the length and width of the model in the x- and z-directions. The tangent angle between the tangential joint surface and the x-direction of the scarf joint model is defined as  α . Figure 4 also shows a free body with stepped-lap width dx between the patch and parent structure;    τ   A      and    σ A    are the shear stress and normal stress of the adhesive layer at the stepped-lap joint surface, respectively; and    σ   x 2      is the tensile stress in patch along the x-direction. Taking unit breadth of strip in the “z”-direction, we can resolve forces in the x- and y-directions to give:


   d  d x    (     x σ     x 2     tan α   )       =   σ   A     tan α + τ   A  ,  



(1)




and


   σ A       =   τ   A   tan α  .  



(2)







We note that      x σ     x 2       tan α   =   P   2    (the end load per unit width in the patch). If we assume that this varies with the cross-sectional area of material:


   P 2     =       P 0  x  h   tan α  .  



(3)







The shear stress at the stepped-lap joint surface can be characterized as:


   τ A     =       P 0   h   sin α cos α  .  



(4)







In order to obtain a more satisfactory solution, we must introduce strain–displacement and stress–strain equations. For the adhesive layer, Webber, J.P.H. [47] shows that the relative normal and tangential displacements across the adhesive thickness       h   A    are given by:


  Δ  u n     =       h A     E A     σ   A         and    Δ  u t     =       h A     G A     τ A  ,  



(5)




with the assumption that the adhesive layer acts separately as tension springs and a shear medium. The relative displacement component in the x-direction then becomes:


      du    x 2      dx      −        du    x 1      dx        =   h   A   (   1   G A       +        tan  2  α    E A     )   cos α       d τ   A    dx   .  



(6)







Here,    u   x 1      is the displacement of the parent structure along the x-direction and is assumed to be uniform cross the thickness of the material in the y-direction. Thus,       du    x 1      dx     represents the direct strain in the parent structure at x such that Equation (6) may be written as:


   ε   x 2         −   ε     x 1         =   h   A   (   1   G A       +        tan  2  α    E A     )   cos α       d τ   A    dx   .  



(7)







Combining this with Equation (3) gives:


     d 2   P 2      dx  2       =     1 c   (   ε   x 2         −   ε     x 1     )  ,  



(8)




where


   c =     h A   cos α     (     1 + tan   2  α  )     (   1   G A    +     tan  2  α    E A     )  .  



(9)







c is a constant that is dependent only on the scarf angle, the adhesive thickness, and its mechanical properties, which can be used to discuss the stresses in bonded joints and give an analysis for a stepped-lap scarf joint.




3. Tensile Test for the Unidirectional Tape Specimens with a Large Aspect Ratio Repaired Using Multiple Stepped-Lap Scarf Joint Method


3.1. Experimental Basis


The material of the specimen’s parent structure and patch was EUL1200 (0) ep-600e7 (CTG, Taishan, China). The matrix was HEXION epoxy resin LR235 (HEXION, Shanghai, China). The specimen followed a unidirectional 0° fiberglass direction including the test area and grip areas (Figure 5a). Multiple configuration parameters of the stepped-lap scarf joint repaired specimens were designed in the test area. The parent structure was formed using a vacuum infusion process. The patch was laid layer by layer using a stepped-lap joint method. The whole specimen was cured at 180 °C and 0.1 MPa conditions for 2 h (Figure 5b). Tensile tests of the stepped-lap scarf joint repaired specimens were carried out using a universal testing machine (GOTECH, Taiwan, China) with 200 kN load cell. All specimens were tested at room temperature with the crosshead speed held constant at 1 mm/min. The strength was taken as the maximum load recorded by the machine and computer.



Three groups were designed, including 64 effective test specimens with different configuration parameters. The length, width, stepped-lap mode, stepped-lap width, and number of stepped-lap joint surfaces and reinforcement layers are listed in Table 1. Note that the specimen numbers given in Table 1 are used throughout the paper.



The W1 test specimens had no reinforcement layer. Nine kinds of specimens were designed with different aspect ratios (length/width), stepped-lap modes (single or double), stepped-lap joint surface numbers, and stepped-lap widths. W1-J are two layers specimens and W1-K are three-layer specimens, which were taken from the spar cap of a LZ37.5 blade (CNBM, Lianyungang, China) in service. The blade had been running for more than eight years with no apparent damage. The stepped-lap width of the W2 specimens was 100 mm, and the stepped-lap joint surface number was one. For each specimen with different stepped-lap modes and aspect ratios, a reinforcement layer was added. The layers were laid in two ways, one way was a single layer on the top and the other way was a layer on both sides of the specimens. The reinforcement layer numbers of W3 specimens were different, while all the other configuration parameters were the same. All the above specimens were tested for the tensile test. According to the test results of the effective specimens, the influence of the parameters of the spar cap stepped-lap scarf joint on the repair strength was compared and analyzed.



In Table 1, “Length” is the length of the specimen, “Width” is the width of the specimen, “Stepped-Lap Mode” is single stepped lap or double stepped lap, “Stepped-Lap Width” is the width of the stepped-lap joint surface, “Number of Stepped-Lap Joint Surfaces” is the number of the stepped-lap joint surfaces, “Reinforcement Layer” is the laying method used for the reinforcement layer, and “Effective Sample Quantity” is the number of the effective specimens.




3.2. Results and Discussion


In this paper, the tensile test results of the unidirectional tape specimens with a large aspect ratio repaired using the stepped-lap scarf joint method were analyzed. The influence of different configurations (such as stepped-lap mode, number of stepped-lap joint surface, reinforcement layer, etc.) on the failure load and the failure mode of the specimens were verified. Table 2 shows the tensile test results, where the value given is the average value of each group of effective specimens. In Table 2, “Load per Width” is the value of the “Failure Load” divided by “Width,” and the “Load Loss Rate” is the deduction rate of the failure load caused by multiple configuration parameters.



3.2.1. The Influence Analysis Regarding the Stepped-Lap Mode and Stepped-Lap Joint Surface Number


	
The results of the three stepped-lap joint surfaces, two stepped-lap joint surfaces, and one stepped-lap joint surface experiments showed that the stepped-lap joint surface decreased the strength of the specimens. Whether using single stepped lap or double stepped lap, the load loss rates of the two and three stepped-lap joint surfaces were significantly larger than that of a one stepped-lap joint surface.



	
Comparing single stepped-lap and double stepped-lap specimens with multiple stepped-lap joint surfaces, the failure load and tensile strength of these were basically the same. The results above showed that the stepped-lap mode itself had little influence on the strength of the specimens.







3.2.2. Analysis on Strength Attenuation of the Spar Cap Specimens Taken from the LZ37.5 Blade in Service


	
Comparing W1-F with W1-J and W1-B with W1-K showed that as the service life increased, the blade’s spar cap in service for more than eight years had intensity attenuation.



	
In Figure 6, the stress–strain curves of the W1-K and W1-D specimens were basically identical before failure. It indicated that the load carried by the three-layer spar cap specimen repaired using a double stepped-lap scarf joint was basically consistent with the blade strength status of running for several years. The stress–strain curve of the W1-K specimen had an obvious nonlinear unloading section after failure, which was related to different degrees of stiffness attenuation after the specimen had been running for a certain number of years. It was indicated that there would be a serious performance degradation of the structural material after several years of operation.







3.2.3. Influence Analysis of the Reinforcement Layer


	
The load loss rate of the one stepped-lap joint surface specimen was the biggest (34%). The load per width of the stepped-lap scarf joint repaired specimen could be effectively increased by adding a reinforcement layer. For example, the failure load of the W2-C specimens with the addition of two reinforcement layers was more than 4 times higher than that of the single stepped-lap W1-G specimens, and the load per width of the specimens increased from 0.56 to 1.20 kN/mm.



	
By comparing the results of the reinforcement layer of one to three stepped-lap joint surfaces for single stepped-lap and double stepped-lap, it was determined that an N stepped-lap joint surfaces can be reinforced by N reinforcement layers, which could increase the failure load by 65% to 95% of the original value.







3.2.4. Failure Position and Failure Mode


	
The failure specimens for the tensile test of the one stepped-lap joint surface and three stepped-lap joint surfaces are shown in Figure 7, where all specimens failed on the stepped-lap joint surface. The initial failure mode of the stepped-lap joint surface appeared as delamination. The final failure of the specimens was characterized by the coupling mode of the shear failure of the adhesive layer and the fiber fracture on the stepped-lap joint surface.



	
In Figure 8, the strain of the stepped-lap joint surface increased rapidly in the rising section, then fell rapidly, which indicated that a certain damage had occurred there, while no strain agitation occurred in the patch and parent structure. Therefore, the initial damage failure position of the specimen was located at the stepped-lap joint surface.









4. The Research on the Quasi-Static and Fatigue Test of the Stepped-Lap Scarf Joint Repaired Monitoring Using Carbon Nanotube Buckypaper Sensors


The tensile test research in Section 3 provided the appropriate stepped-lap mode and the number of stepped-lap joint surfaces and reinforcement layers for the spar cap damage repair, and confirmed that the coupling of the delamination of the adhesive layer and fiber fracture on the stepped-lap joint surface were the main failure mode. However, it could not detect the progressive damage and service safety of the weak zone after the spar cap repair. In this section, carbon nanotube buckypaper sensors were applied to monitor the resistance change rate in the weak zone to successfully monitor the progressive damage and the crack propagation signal, which provided an important basis for evaluating the operation states of the spar cap after the repair.



4.1. Test Materials


The materials of the specimen’s parent structure and patch are unidirectional prepreg G20000 (GW COMPOS, Weihai, China). The matrix is 7901DNK toughened modified epoxy resin, with a resin content of 32%. The parent structure was formed by vacuum infusion, three layers of unidirectional patch laminate and one layer of biaxial reinforcement layer were laid. Meanwhile, carbon nanotube buckypaper sensors were laid on the stepped-lap joint surface, and then curing by vacuum infusion.




4.2. Specimen Design and Preparation


The length and width of the specimen were 250 mm and 50 mm. The dimensions of the three layers of the unidirectional patch were 25 × 70 mm, 25 × 50 mm, and 25 × 30 mm. The size of the reinforcement layer was 25 × 90 mm. The specimen size and the carbon nanotube buckypaper sensor positions are shown in Figure 9, where the circular carbon nanotube buckypaper sensors with a diameter of 8 mm were symmetrically arranged on the stepped-lap joint surface.



The parent structure was a 24-layer G20000 prepreg laminate structure (Figure 10a). When the parent structure was cured, the carbon nanotube buckypaper sensors (Figure 10b) and the patch were laid on the stepped-lap joint surfaces. Four sensors were arranged on the bottom stepped-lap joint surface, which were defined as L1-1, L1-2, L2-1, and L2-2. Four sensors were arranged on the middle stepped-lap joint surface, which were defined as M1-1, M1-2, M2-1, and M2-2. Two sensors were arranged on the joint surface between the reinforcement layer and the parent structure, which were defined as U1-1 and U2-1. After sealing and vacuuming, the specimens were put into an oven at 120 °C for curing (Figure 10c).




4.3. Load Test Design


The load test program was divided into a quasi-static tensile test and fatigue test. The quasi-static tensile test studied the response of the sensors during the failure process and obtained the failure strength of the specimen to confirm the load range of the fatigue test. The fatigue test studied progressive damage on the stepped-lap joint surface. In this test, tensile–tensile fatigue and tensile–compression fatigue were carried out. A dynamic strain gauge was used to monitor the fatigue cycle and strain amplitude, where all the carbon nanotube buckypaper sensors arranged on the stepped-lap joint surface and monitored the resistance in real time.



The quasi-static tensile test used a GOTECH AL-7000-LA20 (GOTECH, Taiwan, China) universal testing machine as shown in Figure 11a. The specimen was loaded to 5 kN at a rate of 0.5 mm/min and then unloaded to 0 kN, with each test repeated three times, at the same rate. Then, the specimens were loaded to 10 kN–55 kN with a load increment for 5 kN for each successive load step, where they were unloaded to 0 kN between each test. Each load step was repeated three times until failure. The curves of the loading and unloading under different maximum loads were fitted. The performance changes of the stepped-lap joint surface under different loads were evaluated via sensor response. A Fluke 2638A (FLUKE, Everfried, WA, USA) was used to collect the changes of the sensor resistance during the whole loading course.



The fatigue test used the MTS Landmark electro-hydraulic servo fatigue testing machine (MTS, Minneapolis, MN, USA), as shown in Figure 11b. During the experiment, the fatigue load was adjusted according to the response stability of the sensors. The segmentation load of the tensile–tensile fatigue test was as follows: 20,000 fatigue cycles were performed at 9–15 kN, 60,000 fatigue cycles at 10–20 kN, 30,000 fatigue cycles at 16–24 kN, 1000 fatigue cycles at 15–25 kN, 1000 fatigue cycles at 14–26 kN, and 13–27 kN fatigue cycles until failure. The load of the tension–compression fatigue test was −5 to 15 kN until failure.




4.4. Results and Discussion


4.4.1. Failure Process Analysis of the Quasi-Static Tensile Test


The load–time curve and resistance change rate–time curve of sensors 1–3 are shown in Figure 12a–c, respectively. Sensor 1 was at U1-1, which was on the top stepped-lap joint surface. Sensor 2 was at M1-1, which was on the middle stepped-lap joint surface. Sensor 3 was at L1-1, which was on the bottom stepped-lap joint surface. Figure 12d showed the damage time of the three sensors.



For the load–resistance response curve of each sensor in the quasi-static tensile test, four turning key points could be summarized to judge the failure process, which provided an important basis for monitoring the damage evolution on the stepped-lap joint surface with carbon nanotube buckypaper sensors.



	
When the displacement load was applied uniformly, the specimen was basically in a linear elastic state. When the applied load was about 38 kN, turning point A of the stiffness of the specimen appeared. Before point A, the response of the sensor changed with the elasticity. After point A, the resistance change of the sensor tended to be flat.



	
When the applied load reached about 55 kN, the sensor resistance surged at point B, which was the initial derivation stage of the specimen damage; the overall strength of the specimen was not affected yet, and there was almost no damage in the structure of the A–B state segment. When further increasing the load, the sensor resistance increased sharply after point B, and the damage inside the specimen structure began to accumulate.



	
As the load increased, the sensor resistance increased dramatically and dropped suddenly, where point C was the sensor resistance’s drop point, the load effect was about 63 kN, and the B–C state segment was the damage evolution inside the structure. When reaching point C, the internal structure of the specimen formed an initial crack, the stress was suddenly released, and the whole structure of the specimen had not reached the failure level. When further increasing the load, after point C, the resistance of the sensor dropped suddenly.



	
After a sudden steep drop in the sensor resistance, the resistance response became disordered and the sensor failed. The sensor’s failure preceded the complete failure of the specimen. After the sensor failed, the specimen was completely destroyed when the load only increased by 3 kN. Therefore, the failure of the sensor could be used as an early warning of the complete failure of the specimen. When the applied load reached 66.8 kN, the load suddenly dropped to point D, and the crack of the specimen rapidly propagated to structural failure.



	
The damage time of the three sensors on the stepped-lap joint surface differed by about 1 min when the whole specimen was uniformly loaded, which indicated that the model of a stepped-lap scarf joint unidirectional tape had a stable structural response on the stepped-lap joint surface.






The load–time curve and resistance rate–time curve of the graded load-and-unload test were designed according to the test program, as shown in Figure 13. When the maximum load did not exceed 35 kN, the sensor resistance remained relatively stable and the specimen was in the linear elastic phase, such that the resistance could be restored to the initial resistance after unloading. When the load exceeded 40 kN, the sensor resistance had a large step and could not return to the original resistance. According to the analysis results of Section 4.4.1, when the load exceeded 55 kN, the damage and fracture of the specimen began to evolve, such that the maximum load of the fatigue test was 55 kN.




4.4.2. Failure Mode Analysis of the Quasi-Static Tensile Test


The final failure load of the specimen was 66.8 kN. Figure 14a shows the face of the specimen, where a 1–2 mm crack was observed in the black-framed local magnification. The damage type of the specimen was matrix damage. The fiber fracture and matrix damage occurred in the middle of the clamping position simultaneously. Figure 14b shows the back of the specimen, where the parent structure of the specimen had been completely torn, which appeared as matrix damage and delamination coupling damage. No obvious fiber fracture was observed. Figure 14c shows the side of the specimen. The upper part of the stepped-lap joint surface had completely delaminated, while the lower part had no obvious crack. Therefore, the damage of the parent structure was mainly caused by matrix damage and the stepped-lap joint surface delamination. The results of the failure position research of the large aspect ratio specimen in Section 3 were verified. The delamination failure on the stepped-lap joint surface was the main failure mode, and the patch itself presented a good load-carrying capacity.




4.4.3. Analysis of the Tensile-Tensile Fatigue Test


A total of 112,344 cycles of loading were completed in the tensile–tensile fatigue test. All 10 sensors arranged in this test survived, except U1-1.



	
Figure 15 shows the response of the tensile–tensile fatigue test: with the increase of fatigue cycles, the resistance change rate of all sensors increased gradually. The damage of the whole specimen accumulated gradually during the fatigue test while the material properties of the whole structure were deteriorating. Figure 15 shows the tensile–tensile fatigue test of all effective sensors and the local magnification of the resistance change rates with cycles 0–10, 30,000–30,010, 60,000–60,010, and 90,000–90,010. The results showed that with the increase of the fatigue cycle, the resistance change rate of all sensors increased gradually. As can be seen from the local amplification diagram of each sensor, the resistance responses of the sensors arranged at different positions were completely different. With the increase of the cycle numbers, the increase rate of resistance change at different stages varied greatly. For example, the resistance of the M1-1 sensor changed rapidly for 0–60,000 cycles, while the resistance of L1-2 changed very gently. This indicated that the resistance response of the carbon nanotube buckypaper sensors was very sensitive to the damage changes around the stepped-lap joint surface. The sensors could accurately capture the damage severity degree at different stages.



	
During the whole fatigue cycle test, the response of the sensor could mainly represent four kinds of structural status of the specimen: the response of the sensor when the damage was derived, as shown in Figure 16a; the response of stiffness degradation when the damage was accumulated, as shown in Figure 16b,c; and the response of the initial crack and crack propagation, as shown in Figure 16d.



	
Figure 17 showed the response results of 60,000 fatigue tests with a 10–20 kN load. When the fatigue cycle of all the sensors reached about 18,000, the resistance response of all the sensors presented different degrees of steps. It indicated that the specimen suffered serious structural damage at this moment, which could affect the response of all the sensors on the specimen.



	
When the number of fatigue cycles of all sensors was at around 30,000–45,000 cycles, irregular fluctuations occurred, as shown in Figure 17. The crack was in the accelerated propagation during this time, and the L2-1 and L2-2 sensors fluctuated violently. This indicated that the crack was near the monitoring area of L2-1 and L2-2.



	
At each loading stage of the fatigue test, the change rate of the sensor residual resistance on the left side of the specimen was generally lower than that on the right side. Until fatigue failure, the change rate of the residual resistance of the sensor on the left reached 0.25 at most, while the sensor on the right failed completely. It could be inferred that the right sensor’s stepped-lap joint surface was completely delaminated. This was consistent with the development results after the failure of the fatigue specimen (Figure 18), which indicated that the carbon nanotube buckypaper sensor could accurately detect the progressive damage of the stepped-lap scarf joint repaired unidirectional tape specimen.







4.4.4. Analysis of the Tensile–Compressive Fatigue Test


The blade’s spar cap was subjected to alternating loads of tension and compression in the field. Therefore, the tensile and compressive fatigue load of −5 to 15 kN was conducted in this test. Under the tension–compression fatigue load, the test was carried out for less than 1800 cycles, and then the patch completely fell off, all the sensors failed, and resistance change rate tended to infinity. The response of the tension–compression fatigue is shown in Figure 19, where the local magnification of resistance change rates with the cycles 10–20, 600–610, 1200–1210, and 1720–1730 are shown as well. The resistance change rate of L2-2 and M2-2 both started to surge when at 900 cycles, but the resistance responses of L2-2 and M2-2 were different. As the number of cycles increased, the resistance change rate at different stages showed deviation. The response of the sensors on the stepped-lap joint surface fluctuated violently after 1200 cycles, which indicated that the buckling delamination damage rapidly accumulated and propagated. The sensors could successfully capture the damage.






5. Conclusions


According to the stepped-lap scarf joint repair for spar cap damage of a blade in service, two investigations were carried out in this study. The basic configuration test confirmed the sensitivity parameters of the spar cap stepped-lap scarf joint repair and the weak zone where damage was most likely to occur after the repair. The health monitoring test used carbon nanotube buckypaper sensors to monitor the failure of the stepped-lap joint surface. Under static and fatigue loads, the sensors could successfully capture the damage evolution and crack propagation signals. The experimental results provided an important parameter basis for evaluating the spar cap repair scheme and presented a promising method of health monitoring for spar cap after repair.



	
Three groups of test specimens with 64 different configuration parameters of stepped-lap scarf joint repair unidirectional tape were designed to carry out tensile tests. The results made clear the influence of the stepped-lap mode, stepped-lap joint surface number, and reinforcement layer on the failure load. The reinforcement layer could effectively improve the load-carrying capacity of the repair zone and it was confirmed that using N reinforcement layers to reinforce N stepped-lap joint surfaces could increase the failure load by 65–95% of the original value. This provided an important parameter basis of the repair scheme design for a spar cap with different damage degrees.



	
Under tension loading, the initial failure mode of the spar cap repaired using the stepped-lap scarf joint method was the delamination of the stepped-lap joint surface. The ultimate failure appeared as the shear failure of the adhesive layer on the stepped-lap joint surface and the coupling of the fiber fracture at the adhesively bonded joint. The stepped-lap joint surface was identified as the weak part of the spar cap repair and the healthy operation status of the surface should be monitored.



	
The quasi-static tensile test and fatigue test of the specimens that were repaired using the reinforcement layer of the double stepped-lap scarf joint method were carried out via embedding the carbon nanotube buckypaper sensors on the stepped-lap joint surface. The sensors successfully monitored the damage and crack propagation signals.



	
The quasi-static tensile test for health monitoring confirmed the failure processes: the stiffness turning point, damage evolution, crack propagation, and fracture. The results provided an important basis for monitoring the failure on the stepped-lap joint surface with carbon nanotube buckypaper sensors and verified that the shear failure of the adhesive layer on the stepped-lap joint surface was the main failure mode of the repaired structure.



	
The fatigue test of the health monitoring successfully captured the progressive failure: the initial damage, damage accumulation, initial crack, and crack propagation to structural failure. The resistance change rate of all sensors increased with the increase of the fatigue cycle. The carbon nanotube buckypaper sensors could accurately detect the progressive damage of the specimen repaired using a stepped-lap scarf joint method. The results provided an important basis for fault judgment when carbon nanotube buckypaper sensors were applied to the health monitoring of a spar cap after repair.






In this paper, the actual size of the spar cap with a large aspect ratio was considered in the basic configuration test, which provided important support for the numerical simulation analysis of the test model that followed. Although the health monitoring test is in the laboratory stage, this monitoring method can be applied to the spar cap repair of a blade in service in the field in the future, and a basis set of judgments for running a fault diagnosis on a blade can be formed as well.
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Figure 1. Spar cap damage of a blade in service: (a) crack in the spar cap zone, (b) serious damage, (c) new crack after repair, and (d) blade fracture. 
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Figure 2. Repair method: (a) patch repair, (b) scarf repair, (c) tapered scarf repair, and (d) stepped-lap scarf repair. 
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Figure 3. Stepped-lap scarf joint repair: (a) single stepped lap, (b) double stepped lap, and (c) description of a double stepped-lap scarf joint repair. 
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Figure 4. Stepped-lap scarf joint repair theoretical model. 
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Figure 5. Test specimens design and cured: (a) the configuration of the stepped-lap scarf joint repaired specimens, and (b) test samples. 






Figure 5. Test specimens design and cured: (a) the configuration of the stepped-lap scarf joint repaired specimens, and (b) test samples.



[image: Applsci 10 00922 g005]







[image: Applsci 10 00922 g006 550] 





Figure 6. Tensile stress–strain curves of the W1-K and W1-D specimens. 
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Figure 7. The failure position and failure mode: (a) tensile failure damage of one stepped-lap joint surface of effective sample 1, (b) tensile failure damage of three stepped-lap joint surface sample, (c) tensile failure damage of one stepped-lap joint surface of effective sample 2, (d) the top view of the stepped-lap joint surface, (e) tensile failure damage of one stepped-lap joint surface of effective sample 3, and (f) the side view of the stepped-lap joint surface. 
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Figure 8. Displacement–strain curve of the parent structure, stepped-lap joint surface, and patch. 
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Figure 9. Specimen size and sensor arrangement. 
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Figure 10. Specimen preparation process: (a) parent structure, (b) carbon nanotube buckypaper sensor locations, and (c) curing. 
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Figure 11. Mechanical test equipment:(a) universal testing machine GOTECH AL-7000-LA20 and (b) electro-hydraulic servo fatigue testing machine MTS Landmark. 
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Figure 12. Response of the sensors on each stepped-lap joint surface of the quasi-static tensile test: (a) sensor 1 resistance response (∆R is change in resistance for time increments, R0 is original resistance and ∆R/R0 is resistance change rate), (b) sensor 2 resistance response, (c) sensor 3 resistance response, and (d) three sensors’ damage time. 






Figure 12. Response of the sensors on each stepped-lap joint surface of the quasi-static tensile test: (a) sensor 1 resistance response (∆R is change in resistance for time increments, R0 is original resistance and ∆R/R0 is resistance change rate), (b) sensor 2 resistance response, (c) sensor 3 resistance response, and (d) three sensors’ damage time.



[image: Applsci 10 00922 g012]







[image: Applsci 10 00922 g013 550] 





Figure 13. Data distribution of the load-and-unload test. 
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Figure 14. Failure specimen of the quasi-static tensile test: (a) face, (b) back, and (c) side. 
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Figure 15. Response of the effective sensors of the tensile-tensile fatigue test: (a) resistance response of sensor M1-1, (b) resistance response of sensor M1-2, (c) resistance response of sensor L1-1, (d) resistance response of sensor L1-2, (e) resistance response of sensor L2-1, (f) resistance response of sensor L2-2, (g) resistance response of sensor M2-1, (h) resistance response of sensor M2-2, and (i) resistance response of sensor U2-1. 
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Figure 16. Damage process of the fatigue test: (a) initial damage, (b,c) damage accumulation, and (d) crack propagation. 
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Figure 17. Response of the 60,000 fatigue cycles of all effective sensors with loads at 10–20 kN: (a) resistance response of sensor M1-1, (b) resistance response of sensor M1-2, (c) resistance response of sensor L1-1, (d) resistance response of sensor L1-2, (e) resistance response of sensor L2-1, (f) resistance response of sensor L2-2, (g) resistance response of sensor M2-1, (h) resistance response of sensor M2-2, and (i) resistance response of sensor U2-1. 
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Figure 18. Specimen development of tensile–tensile fatigue failure: (a) face, (b) back, and (c) side. 
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Figure 19. Responses of tension–compression fatigue: (a) resistance response of sensor L2-2 and (b) resistance response of sensor M2-2. 
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Table 1. The designed configuration parameters of the test specimens.
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	Specimen Number
	Length

(mm)
	Width

(mm)
	Stepped-Lap Mode
	Stepped-Lap Width

(mm)
	Number of Stepped-Lap Joint Surfaces
	Reinforcement Layer
	Effective Sample Quantity





	W1-A
	600
	50
	Double
	80
	3
	None
	4



	W1-B
	600
	50
	None
	None
	None
	None
	4



	W1-C
	600
	50
	Single
	80
	3
	None
	3



	W1-D
	520
	50
	Double
	100
	2
	None
	4



	W1-E
	520
	50
	Single
	100
	2
	None
	4



	W1-F
	520
	50
	None
	None
	None
	None
	2



	W1-G
	320
	25
	Single
	100
	1
	None
	4



	W1-H
	320
	25
	None
	None
	None
	None
	3



	W1-I
	320
	25
	Double
	100
	1
	None
	3



	W1-J
	300
	25
	None
	None
	None
	None
	3



	W1-K
	300
	25
	None
	None
	None
	None
	3



	W2-A
	420
	50
	Single
	100
	1
	One side, one layer reinforced
	4



	W2-B
	420
	50
	Single
	100
	1
	One layer reinforced for each side
	4



	W2-C
	600
	50
	Single
	100
	1
	One side, two layers reinforced
	4



	W2-D
	520
	50
	Double
	100
	1
	One side, two layers reinforced
	3



	W2-F
	620
	50
	Double
	100
	1
	One side, two layers reinforced
	4



	W3-A
	620
	50
	Single
	100
	2
	One layer, reinforced for each side
	4



	W3-B
	620
	50
	Single
	100
	2
	One layer reinforced on one side, and two layers on the other side
	4
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Table 2. The tensile test results of the three groups of specimens.
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	Serial Number
	Width

(mm)
	Thickness

(mm)
	Tensile Strength

(MPa)
	Tensile Strain

(%)
	Failure Load

(kN)
	Load per

Width

(kN/mm)
	Load

Loss Rate

(%)





	W1-A
	48.1
	3.2
	465.4
	1.5
	71.6
	1.49
	26



	W1-B
	48.1
	3.0
	553.8
	1.6
	77.1
	2.02
	-



	W1-C
	48.6
	3.1
	491.0
	1.6
	73.8
	1.52
	25



	W1-D
	49.2
	2.1
	506.5
	1.5
	53.0
	1.08
	27



	W1-E
	48.1
	2.4
	466.5
	1.4
	54.7
	1.14
	23



	W1-F
	48.7
	1.6
	780.8
	1.9
	61.4
	1.48
	-



	W1-G
	23.9
	1.5
	364.4
	0.8
	13.3
	0.56
	31



	W1-H
	24.8
	0.8
	1013.8
	1.2
	20.1
	0.81
	-



	W1-I
	23.6
	1.7
	318.6
	0.9
	12.6
	0.54
	34



	W1-J
	23.5
	5.5
	528.9
	1.3
	67.8
	2.88
	-



	W1-K
	23.2
	6.1
	469.5
	1.4
	66.2
	2.85
	-



	W2-A
	49.9
	2.6
	370.2
	1.3
	47.4
	0.95
	-



	W2-B
	48.6
	3.7
	299.2
	1.2
	53.9
	1.10
	-



	W2-C
	48.4
	3.5
	347.8
	1.7
	58.1
	1.20
	-



	W2-D
	48.3
	2.5
	420.3
	0.3
	51.2
	1.06
	-



	W2-F
	49.9
	3.2
	317.8
	2.0
	50.5
	1.01
	-



	W3-A
	48.3
	5.2
	363.8
	0.2
	90.6
	1.88
	-



	W3-B
	49.4
	4.3
	445.0
	0.3
	95.1
	
	-
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