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Abstract

:

This study investigates the complex load-bearing mechanism of the reinforced concrete tower of large wind turbines through a structural model test. MTS electro-hydraulic servo loading system was used to load two reinforced concrete tower models for the push-out test. The ultimate bearing capacity of the reinforced concrete tower was found to be 8.894 kN. The test findings revealed that the top of the tower is subjected to unilateral shear as the horizontal load increases. As a result, the concrete strain in the compression zone of the test piece increases to its highest level in the bottom plastic hinge area. The concrete in the compression zone is being crushed in the meantime. The reinforcement achieves its yield point and deforms within the range of plastic failure when subjected to extreme loads. The outcomes of this study serve as a foundation for the running of wind turbines in extreme conditions.
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1. Introduction


Wind power generation has become widely used as a green, environmentally friendly, renewable energy source as people pay more attention to the emission peak and carbon neutrality [1]. The tower supports the entire wind turbine; hence its structural safety is critical to its smooth operation. Currently, the majority of wind turbine towers are made of steel. However, when the unit capacity and weight increase, the steel tower becomes higher and larger [2,3,4], revealing numerous flaws in rigidity and anti-vibration performance. The reinforced concrete tower structure appeared at this time and has since become the preferred solution for large-capacity, high-tower wind turbines [5,6].



Wind turbine tower structures have been the subject of extensive research in recent years. For example, Seidel [7] compared the GEWE3.X series of all-steel towers against concrete towers and discovered that concrete towers are can solve the transportation problem of traditional steel towers because they can be made everywhere near the wind farm. Quilligigan et al. [8] analyzed the fatigue of concrete towers and steel towers based on wind speed and height. They found that concrete towers of wind turbines larger than 3 MW are less likely to undergo fatigue failure and are more cost-effective than steel towers. Brughuis [9] evaluated the performance of a 100-m-high reinforced concrete tower with that of a 120-m-high steel tower, concluding that the reinforced concrete structure is more feasible and rational. The fatigue resistance and stability of a 100-m-high prestressed concrete tower were investigated by Singh [10]. He found that the prestressed concrete tower has good performance, low maintenance and construction costs, and high flexibility. Way et al. [11] studied the material cost of high wind towers in the context of South Africa. They found that the material cost of concrete towers and hybrid towers was lower than steel towers, especially when the hub height exceeded 100 m. The above studies have shown that reinforced concrete towers have higher rigidity, corrosion resistance, stability, and vibration resistance and lower cost than steel towers.



There are also an increasing number of studies focusing on the complex stress mechanism and mechanical properties of reinforced concrete towers. For example, Lyu et al. [12] experimentally investigated the perforated plate connectors of the wind turbine foundation and discovered that perforated steel bars positively impact component shear resistance. Chen et al. [13] experimentally investigated the joint bearing capacity of internal and external steel members of concrete-filled steel tube components with internal stiffeners. They concluded that the strain and deformation of internal and external steel-concrete tower components are consistent. Li et al. [14] conducted a pseudo-static test on the seismic performance of frustum-shaped and lattice-shaped wind turbine towers. They obtained their mechanical properties, failure mechanisms, and failure characteristics. Jin et al. [15] conducted a nonlinear stress test on a reinforced concrete wind turbine tower. They determined its failure mode, ultimate bearing capacity, and structural ductility under static loads, providing the foundation for subsequent research into reinforced concrete towers. Zhang [16] conducted a model test of a prestressed concrete wind turbine tower, comparing its static and dynamic behaviors to conventional steel towers. Their results showed that the concrete tower outperformed the steel tower in seismic and anti-overturning capabilities. Zhang et al. [17] performed a pull-out test and simulation analysis of the wind turbine foundation model. They discovered the nonlinear contact mechanics of the steel-concrete structure, which can be used to design wind turbine foundations. Wang et al. [18] investigated the mechanical properties of concrete columns under various loading rates. Their findings revealed that when the loading rate increases, the bearing capacity and stiffness of the members increase, while their ductility and deformability decrease. Patil et al. [19] evaluated the performance of a wind turbine tower subjected to ground motions. They found that the wind turbine tower investigated is most vulnerable to overturning in the event of an earthquake.



Furthermore, numerous advancements in numerical simulation have been achieved. For example, Liu et al. [20] investigated the stress mechanism of a reinforced concrete plane frame structure in a fire. They concluded that the frame has a local and a general failure mode depending on the size of the columns. Tang et al. [21] investigated the reinforced concrete tower from the design and economic viewpoints and came to a conclusion that the double row self-aligning roller bearing can be simulated by the spring element. Vries [22] optimized the cross-section of the concrete tower and designed a steel-concrete tower with a height of 133 m and a power of 2.3 MW based on the square section. Walia et al. [23] optimized the design of offshore wind turbine towers by considering welding and cost into account. Vernardos et al. [24] experimentally analyzed a scale-reducing tower model and explored its mechanical properties from the strength, stiffness, and failure mechanism using the fine finite element method. Ma et al. [25] analyzed the response of 100 m high prestressed concrete tower under seismic load through time history analysis and found that seismic load should be considered more in detail when designing wind turbines that are supported by concrete towers. Through numerical simulation and theoretical calculation, Lan et al. [26] analyzed the design process of a tower under the ultimate limit state, serviceability limit state, and fatigue limit state.



Hu et al. [27] investigated the aerodynamic performance of tower-based and tower-free floating offshore wind turbines during surging, pitching, and yawing motions using the computational fluid dynamics (CFD) approach. Tang et al. [28] use a new method combining acoustic emission and normalized cumulative parameters to characterize the tower damage. They discovered that the normalized cumulative duration is suitable for describing the occurrence of yield damage, and the energy can be used to determine the damage stage. de Lana et al. [29] investigated the mechanical behaviors of prestressed concrete towers on circular sections and used genetic algorithms to optimize the tower structure.



In summary, most researches focus on the mechanical properties of wind turbine foundations, towers, and concrete columns. Furthermore, the mechanical behaviors of reinforced concrete towers during their service life have not been fully defined. Therefore, this study aimed to briefly explore: (i) the complex load-bearing mechanism of the reinforced concrete tower of large wind turbines, (ii) investigates the mechanical properties of the reinforced concrete tower under wind loads and its failure mechanism through a structural model test, (iii) and identifies the dangerous and weak parts of the tower, providing a theoretical reference for the safe running of wind turbines.




2. Experimental Scheme


2.1. Model Design


In this study, two sets of reinforced concrete towers were constructed at a scale of 1:15 to represent the basic design size of a 2 MW wind turbine developed in China. The wind turbine prototype has a tower height of 60 m, a bottom diameter of 4.5 m, a top diameter of 2.4 m, and a wall thickness of 0.45 m. Two sets of reinforced concrete tower components with the same material properties and parameters were made to eliminate the experiment’s discreteness: top cross-sectional radius 237 mm, bottom radius 300 mm, and wall thickness 30 mm. The components’ longitudinal and hooped reinforcements were symmetrical. Figure 1 depicts the cross-sectional shape and size of the test pieces.



The bottom of the wind turbine towers should have a strong load-bearing capacity as they usually adopt a slender cantilever structure. The tower bottom is the most critical area because the load mainly acts on the tower top and less on the tower body. The lower half of the scaled tower, which reduced the test pieces’ height to 1.8 m, was selected due to the limitation of the jack’s height. The wind turbine prototype’s concrete grade is C30, and longitudinal reinforcement is HRB335 steel. The similarity ratio of elastic modulus determined in this test is 1. Therefore, the test pieces’ concrete strength grade was C30, the protective layer was 15 mm thick, the longitudinal reinforcement was HRB335 steel, and the hooped reinforcement was No.10 galvanized iron wires spaced 20 cm apart. For more information, see Table 1.




2.2. Measuring Scheme


2.2.1. Strain Measurement of Longitudinal Reinforcement


To accurately measure the stress and strain changes of the reinforcement during the loading process, each longitudinal reinforcement in the study was pasted with a resistance strain gauge to obtain its stress state in the concrete body, as shown in Figure 2.




2.2.2. Tower Strain and Displacement Measurement


The tower was tensioned, and the tension surface was whitened with white paint before the experiment to make it easier to see the crack breadth. Given the stress characteristics of the concrete tower, strain gauges were installed on the surface of the tower to measure the concrete strain, as shown in Figure 3a. During the experiment, the cracks were visually observed with the help of a magnifying glass. The crack width under different loads was measured by a crack monitoring instrument, and the final crack width was recorded when the tower reached yield failure.



In this experiment, measuring points were arranged in the exposed concrete layer to measure the stress deformation of the concrete tower in the tension zone. Pull-wire displacement gauges with a measurement range of 1000 mm were set along the tension axis of the tower body at the heights of 0.55 m, 1.45 m, and 1.75 m, respectively, to measure the horizontal displacement of the tower at different heights, as shown in Figure 3b. The data of reinforcement strain, concrete strain, and tower displacement is collected by the DH3816N multi-channel static stress–strain test and analysis system.





2.3. Loading Scheme


The tower test models were loaded using an MTS electro-hydraulic servo loading system. The MTS testing system was used to load the model structure and measure the horizontal displacement and dynamic characteristics of the structure under dynamic loads. The system consists of a reaction wall, an electro-hydraulic servo loading system, a data acquisition system, and a test model. The MTS electro-hydraulic servo loading system and the computer were used to control the entire experiment in real-time. Before the experiment, all displacement gauges were calibrated, and a resistance strain gauge was placed at the corresponding measuring point of the longitudinal reinforcement. The multi-channel coordinated loading system uses the MTS electro-hydraulic servo loading system to control the acquisition of monotonic load data on the top of the tower. The components were continually loaded with a one-way dynamic force at a rate that increased in six steps from 1.00 mm/min to 4.00 mm/min until the test piece failed and was damaged. The target displacement was 100 mm. The tower roof members were embedded in advance to adequately simulate the directional load, as shown in Figure 4a. As indicated in Figure 4b, the load was applied through the direction conversion device. The loading and testing systems are schematically depicted in Figure 4c.





3. Results and Analysis


3.1. Tower Top Load-Displacement Curve


The measurement results reflected the main stress characteristics of the test models, such as the ultimate bearing capacity and its corresponding displacement, the development of the load-displacement curve, and the structure’s ductility. The concrete material properties show a certain degree of randomness from both the model level and the structure level, and it was no exception in this experiment. It can be seen from the load-displacement curves that the tangent stiffness, ultimate strength, and peak displacement in the elastic stage, as well as the slope in the descent stage, all exhibit a certain degree of dispersion. However, both the shape and the general law of these curves are consistent, as shown in Figure 5.



Along the tension axis of the tower, a pull-wire displacement gauge with a measuring range of 1000 mm was arranged at the heights of 0.55 m, 1.15 m, and 1.75 m, respectively. Displacement values were measured at the point where the horizontal load acted on the top of the tower. The displacement changes of each component of the tower body during the experiment were monitored using these displacement data. The load-displacement curves at various heights of the tower body were obtained using the load on the top of the tower, as illustrated in Figure 6 below.




3.2. Tower Top Displacement-Strain Curve


A resistance strain gauge was attached to the concrete surface at heights of 0.2 m, 0.4 m, 0.6 m, 0.8 m, and 1.0 m, respectively, in the axial direction at the compression and tension sides of the tower body to measure the strain of the tower. Strain gauges 1, 2, 3, 4, and 5 were attached on the tension side, while strain gauges 7, 8, 9, 10, and 11 were on the compression side to monitor changes in the concrete strain of the tower body during the loading process. Figure 7 shows the tower top displacement and concrete strain curves under the horizontal load.



It is evident from Figure 7 that the concrete strain of test pieces T1 and T2 exhibits similar development laws at different heights, but it shows obvious discreteness in terms of specific values. As the distance between the measuring point and the bottom of the test pieces decreases, the concrete elongation of the tower increases. The maximum compressive strain of the tower is 2750, and the maximum tensile strain is 2600, both of which occur in the plastic hinge area at the bottom. It is because the test pieces deform largely and fast in the plastic hinge area, and all of their deformations are concentrated in this area. During this experiment, it was found that the tension in the upper and middle parts of the test parts was throughout the elastic range and did not enter the plastic phase. The tower is similar to a cantilever beam structure, so its windward surface at the bottom is most likely to be damaged. As the load increases, the damage spreads to the lower and lateral concrete along both sides of the foundation steel ring.



Compared to prior tower studies, this study added adequate air-entraining agents in the concrete tower. The air-entraining agent caused many separate tiny microbubbles that remained stable in the concrete mixture, preventing crack expansion. As a result, it can be employed as a “buffer valve” to minimize and postpone the destruction of cement paste due to various physical and chemical expansions, lessen the stress concentration at the endpoints of microcracks in cement paste, and prevent crack formation and expansion. On the other hand, the tiny bubbles are extremely elastic and have plenty of space for deformation. Stress concentration can develop when the interface of these bubbles is exposed to an external force. They can still release this stress to avoid damage to the interface and keep the concrete from shrinking and cracking.




3.3. Reinforcement Strain Measurement


A total of 10 longitudinally tensioned reinforcements were distributed on each group of model tower walls, with the loading direction from west to east. During the experiment, a total of 34 strain measuring points were arranged to monitor the changes in reinforcement strain. Five strain measuring points were set at heights of 0.2 m, 0.4 m, 0.6 m, 0.8 m, and 1.0 m, respectively, on the longitudinal reinforcement with the greatest stress in the tension and compression zones. In the tension zone, the strain gauges were 1-A, 1-B, 1-C, 1-D, and 1-E, while in the compression zone, the strain gauges were 6-A, 6-B, 6-C, 6-D, and 6-E. Figure 8 depicts their strain changes.



The steel bars in the tension zone yielded before the test pieces were broken, as evident from Figure 8, suggesting that the reinforcing bars have good ductility within the range of plastic failure. When the steel bars in the tension zone reach their yield strength, those in the compression zone do not reach. According to the stress state, the tower top displacement-reinforcement strain curve is divided into three stages.




	
The first stage is the elastic stage, where the friction between the longitudinal reinforcement and the concrete interface, as well as the stress on the longitudinal reinforcement, are both small.



	
The second stage is the plastic stage, where the concrete tower is subjected to shear force due to the unilateral shear force generated by the overturning moment when the tower top bears the horizontal dynamic load. The reinforcement strain, especially the longitudinal reinforcement strain at the crack, increases significantly, indicating that the stress is primarily caused by bending.



	
The third stage is the longitudinal reinforcement plastic failure and the increase in its cracks. The neutral axis travels upwards as the cracks on the concrete tower’s surface continue to expand, increasing the tension zone and narrowing the compression zone. The reinforcement strain increases abruptly and finally fails after reaching the yield point. This phenomenon is similar to the research findings of Xue et al. [30]. During our experiment, it was found that the longitudinal reinforcement strain on the top and in the middle of the test pieces is all in the elastic range and does not enter the plastic stage.








In this paper, the material strain rate was defined as the value of the reinforcement strain change per unit time when the steel bar yielded for the first time. On the other hand, the material strain rate was computed using the maximum reinforcement strain rate measured during the experiment for the steel bar that had not yielded. The reinforcement strain rates of the test pieces at different positions under static loading were obtained using the reinforcement strain data, as shown in Figure 9. The reinforcement strain rate steadily decreases as the distance between the reinforcement strain measuring point and the bottom of the test pieces increases, with its maximum value occurring in the bottom plastic hinge area. This is because the test pieces are large and deform rapidly in the hinge region of the plastic, and almost all of their deformation is concentrated in this region. The longitudinal armature stresses in the upper and middle parts of the test parts were all in the elastic range during the experiment and did not enter the plastic phase.



In conclusion, forces are transferred more adequately in time and space between various materials within the test pieces under static loading in normal conditions. The transfer is temporally and spatially confined to variable degrees as the loading rate increases; that is, the forces can only be transferred in a limited area, narrowing the deformation area between the components and reducing the test pieces’ deformability.




3.4. Tower Failure Mode and Damage Mode


3.4.1. Crack Initiation and Failure Mode of Concrete Tower


Concrete is a brittle material with many non-connected, irregularly-distributed microcracks. The microcracks on the concrete tower expand under external loads and may connect to form macrocracks, eventually causing the concrete tower model to fail. An AOS Technologies AG S-Motion high-speed camera system and a real-time data measuring device were utilized to record the crack initiation, expansion, coalescence, and failure when an external load was applied to the concrete tower model. Since the damage to T1 and T2 components is similar, this article will only address T1 components. Under one-way loads, the main crack initiates at the height of 0.35 m in the tension zone, with a width of 0.04 mm, and the stress concentrates, as illustrated in Figure 10 and Figure 11. The top displacement of the corresponding tower is 4.38 mm. As indicated in Figure 10a, the crack depth on the surface of the tension zone is roughly 1/5 of the wall thickness, and the corresponding tower top load is 1.65 kN. This crack is a splitting crack at an angle of 30° to the horizontal direction. Concrete collapses as vertical and longitudinal cracks emerge on the compression side.



The corresponding load is 3.26 kN when the tower top displacement reaches 10 mm, and the second and third main cracks appear, as shown in Figure 10b,c. As illustrated in Figure 10d–f, the displacement mutation area expands upwards and enters the stage of high-speed growth, during which more cracks initiate in the tension zone within the range of 0.02–1.58 m—the last main crack forms at the height of 1.13 m with a width of 0.09 mm. The tower top displacement is 62.72 mm, and the tower top load is 6.813 kN. No new main cracks appear when the load is increased to 0.4–0.5 Pu. The cracks are spaced stably and uniformly. The previous cracks in the tension zone extend to the compression edge with increasing width and enter the stage of instability failure.



Secondary cracks with a smaller width appear locally inside the test pieces. On the one hand, these secondary cracks weaken the bonding stress between concrete and steel bars, increasing reinforcement strain unevenness; on the other hand, they increase concrete deformation between the main cracks, reducing the width of the main cracks to some extent. More secondary cracks appear as the reinforcement stress increases. The main cracks widen rapidly as the applied load approaches its ultimate value, crushing the concrete and causing the steel bar to attain its yield strength and fail. Figure 12 depicts the crack distribution diagrams for test pieces T1 and T2. The cracks are evenly spaced, and their evolution matches expectations, as evident from the figure. The crack width on the reinforced concrete tower’s surface reaches the maximum at the height of 0.4 m from the bottom of the tension zone and then reduces as the distance from the height of 0.4 m increases. The cracks developed steadily by this point, indicating that the reinforced concrete tower had yielded. The load-displacement curve enters the descent stage as the load continues. Finally, at the bottom of the test pieces, it exhibits the bending failure characteristics of concrete crushing in the compression zone and concrete yielding in the tension zone. The above crack initiation and failure mode are close to those of Jin’s concrete tower test [31], and the crack initiation and failure mode accord with the characteristics of bending failure of the cantilever beam.




3.4.2. Damage Mode


The two test pieces were separately loaded as indicated in the experimental scheme, and the evolution of the surface damage of the reinforced concrete tower was divided into four stages: initial initiation, steady growth, high-speed growth, and instability failure.




	
Initial initiation stage: Friction between the aggregates or between the aggregate and cement occurs as the load is applied, considerably preventing the initiation and expansion of cracks. In other words, the test pieces do not crack because the stress within the tower node combinations is less than the concrete cracking stress.



	
Stable growth stage: A few cracks occur as the load increases. New cracks appear as the aggregate and cement or aggregates gradually separate, and the test pieces undergo elastoplastic deformation. The cracks between the aggregates or between the aggregate and cement at the crack tip spread over as the external load increases, and the cracks on the tower’s surface widen. Still, massive aggregates inside the test pieces prevent the cracks from expanding, which is called the bridging effect. The tower’s longitudinal reinforcement is bent and severely deformed. Centrally symmetrical bending cracks emerge on both sides of the tower.



	
High-speed growth stage: Many aggregates are completely cracked around the crack tip. Existing cracks widen, and new cracks form on the tower’s surface. The cracks are connected to form interlaced diagonal cracks as the bridging effect fails because the main diagonal tensile stress in the core area exceeds the concrete tensile strength. As a result, the reinforcement continues to deform and gradually yields.



	
Instability failure stage: The bearing capacity of the test pieces does not increase as the load approaches its maximum value. Despite this, their deformation continues to worsen, as seen by the wider and longer cracks at the bottom of the test pieces. The internal reinforcement’s plastic strain increases, resulting in more cracks, and the concrete in the tower’s plastic hinge area is crushed and peeled off. The tower is displaced horizontally, the cracks extend to both sides, and the reinforcement enters the yielding stage. The load-displacement curve enters the descent stage as the load continues until it fails.











4. Conclusions


This study explored the complex load-bearing mechanism of the reinforced concrete tower of large wind turbines through a structural model test. The failure bearing capacity of two reinforced concrete tower models was determined, and the damage process of towers and steel bars with increasing loads was analyzed, leading to the following conclusions:




	
The concrete strain in the compression zone of the reinforced concrete tower at various heights increases as the horizontal load on the loading device of the MTS electro-hydraulic servo loading system increases. The concrete becomes crushed and destroyed to the bottom of the tower when it reaches its peak. The structural failure of the tower is an extreme-point instability failure, which means it generally occurs all of a sudden. The weakest part of the structure becomes crushed first, causing the entire structure to deform sharply. Finally, the whole structure loses its load-bearing capacity.



	
The bottom plastic hinge area of both test pieces reaches its maximum tensile strain, while the middle and top parts remain intact. The tower models deform similarly to a rigid body rotating around the bottom plastic hinge area until it collapses. The component’s ultimate bearing capacity is 8.894 kN. Plastic hinges are all generated at geometrical discontinuities. Once these plastic hinges expand over the entire cross-section, the wind turbine tower will become unstable. Therefore, attention should be paid to this position in the design.



	
Internal reinforcement stress can be divided into three stages as external loads increase. In the first stage, the reinforcement and the concrete rub against each other and deform similarly, and the stress is small. In the second stage, due to the overturning moment under horizontal dynamic loads, the top of the tower produces unilateral shear, the concrete cracks, and the reinforcement strain increases significantly because of the bending stress. The reinforcement reaches its yield point under extreme load and fails in the third stage.
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Figure 1. The geometric dimensions and reinforcement of the test pieces (unit: mm). (a) Facade; (b) 1-1 profile; (c) 2-2 profile. 
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Figure 2. Longitudinal reinforcement strain test plan. 
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Figure 3. Tower strain and displacement test plan. (a) Tower strain test plan; (b) Displacement test plan. 
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Figure 4. (a) Simulated horizontal loading of the steel roof member of the tower top; (b) Buried tower top loading device; (c) Schematic diagram of loading and testing systems. 
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Figure 5. Curves of tower top load and tower top displacement. 
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Figure 6. Displacement and tower top load curves at different heights. (a) Test piece T1; (b) Test piece T2. 
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Figure 7. The relationship between the strain of the concrete tower tube and the displacement of the tower top. (a) The strain development of the tower tube in the compression zone of the test pieces; (b) The strain development of the tower tube in the compression zone of the test pieces. 
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Figure 8. The relationship between the strain of the steel bar and the displacement of the tower top. (a) The strain development of the steel bar in the tension zone of the test pieces; (b) The strain development of the steel bar in the compression zone of the test pieces. 
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Figure 9. Variation curve of reinforcement strain rate. 
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Figure 10. Cracks of the test piece T1 in the tension zone. (a) Top crack distribution map; (b) Upper part crack distribution map; (c) Middle crack distribution map; (d) Lower middle part crack distribution map; (e) Bottom crack distribution map; (f) Root segment crack distribution map. 
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Figure 11. Cracks of the test piece T2 in the tension zone. (a) Top crack distribution map; (b) Upper part crack distribution map; (c) Middle crack distribution map; (d) Lower middle part crack distribution map; (e) Bottom crack distribution map; (f) Root segment crack distribution map. 
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Figure 12. Crack distribution of two test pieces. (a) Crack distribution on the tensile surface of test piece T1; (b) Crack distribution on the compression surface of test piece T1; (c) Crack distribution on the tensile surface of test piece T2; (d) Crack distribution on the compression surface of test piece T2. In the figure, the red lines indicate the crack, the red numbers indicate the sequence in which the cracks begin to appear, the black lines indicate the outline of the test pieces, and the black numbers (unit: cm) indicate the height. 
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Table 1. Parameters of the test pieces.
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	fc/(N/mm2)
	fy/(N/mm2)
	fu/(N/mm2)
	Ec/(N/mm2)
	Es/(N/mm2)
	ρs/%
	ρv/%





	32.56
	335
	400
	30,000
	200,000
	2
	1.5







fc is the compressive strength of cubic concrete; fy is the actually measured yield strength of longitudinal reinforcement; fu is the actually measured ultimate strength of longitudinal reinforcement; Ec and Es are the elastic modulus of concrete and longitudinal reinforcement; ρs and ρv are the longitudinal reinforcement ratio and reinforcement ratio per unit volume, respectively.
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