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In this paper, the novel gradient concrete is innovatively applied to the bridge towers of Chizhou Yangtze River Bridge to solve the cracking and insufficient durability problems of concrete towers. Fiber-reinforced concrete is used in the outer functional area of the bridge tower, to significantly improve its crack resistance during construction and service. Moreover, the integrated design of anti-cracking and mechanical properties of tower materials is achieved. To study the performance of the novel functional gradient concrete (FGC) tower, the mechanical properties of the FGC tower material are tested, and the overall finite element stress is analyzed. Based on the material properties, the mechanical behavior of the cable-stayed bridge tower is studied. The temperature and stress of the FGC tower during the generation of the hydration heat are compared with that of the ordinary concrete tower. The crack resistance of the FGC tower is analyzed by the finite element method. The results show that the FGC tower has good mechanical properties and durability for the cable-stayed bridge towers.
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INTRODUCTION
As a critical component of cable-stayed bridges, towers need to improve their mechanical properties to resist cracks during construction and service life. However, construction cracking problems commonly exist in concrete towers due to the influence of traditional concrete materials, structural performance limitations, and harsh construction environments. These problems further lead to tower quality deficiency and reduce safety, applicability, and durability in service.
In recent years, with the development of material technology, high-performance materials have been increasingly used in bridge towers. Okamoto and Nakamura (2011) proposed a novel hybrid high tower using concrete-filled steel tubes for multi-span cable-stayed bridges. Son and Lee (2011) compared hollow steel box performance and concrete-filled composite towers subjected to the blast load. They concluded that concrete-filled composite towers show superior properties. Amiri and Nakamura (2015) found that the RC and hybrid tower have better seismic performance than the steel tower. Shao et al. (2018) designed a new three-tower with unequal-size fans to improve the overall stiffness of cable-stayed bridges.
Due to its low cost and simple maintenance, concrete is a common material frequently used in long-span bridge towers. Many researchers have been exploring to improve the performance of concrete. More recently, the FGM application in concrete has attracted more and more attention. According to engineering requirements, the FGM selects materials with different properties and adopts advanced composite technology. The properties and functions of this kind of material change along with the thickness. Concrete components are usually faced with various service conditions, which require that the properties of materials vary with the position of the components. Therefore, some scholars have applied the design ideas of the FGM to engineering materials and structures. Maalej et al. (2003) found that FGC beams have significantly higher corrosion resistance than traditional reinforced concrete beams. Wen et al. (2013) studied protective layer thickness on structural durability in FGC systems. The experimental results showed that the durability of the structure can be significantly improved when the thickness of the protective layer is 10 mm. Herrmann and Sobek (2015) proposed a design method to minimize the mass of FGC. components. Strieder et al. (2018) constructed a simplified mass concrete structure model and found that the gradient concrete can reduce cracking risk during hardening. Kovaleva et al. (2019) used the FGC shell in Rosenstein Pavilion and found that the FGC material application can reduce the weight of structural components. Chan et al. (2020) studied the influences of aggregate type, reinforcement layer thickness, fiber content, and other variables on the mechanical properties of the FGC. Torelli et al. (2020) reviewed the design objectives, manufacturing techniques, and challenges of FGC materials in recent years.
Based on the previous studies, the main performance enhancement of FGC materials can be summarized as follows: 1) it minimizes the self-weight of concrete structures without reducing its bearing capacity (Nes and Øverli, 2016; Herrmann and Sobek, 2017; Kiryu et al., 2018); 2) compared with the ordinary concrete, the FGC application improves the durability and cracks resistance (Mohamed and Victor, 1995; Roesler et al., 2007; Li and Xu, 2009; Xu and Li, 2009; Dias et al., 2010; Park et al., 2010; Sridhar and Prasad, 2019); 3) mechanical properties of concrete structures can be improved (Miyamoto et al., 1997; Han et al., 2016; Craveiro et al., 2017; Chan et al., 2020).
Given the severe construction cracking, and the lack of durability of cable-stayed bridge concrete towers, the FGC is innovatively applied to the towers based on the Chizhou Yangtze River Bridge. The researches in this paper improve the traditional method of designing concrete materials that regard strength as the core. Moreover, the integrated design of mechanical properties and durability of the tower is achieved. The effects of functionally gradient concrete layers on the mechanical properties and hydration heat effects of the tower are studied systematically. Refined finite element (FE) models are constructed to demonstrate the mechanical behaviors of the novel gradient concrete. The deformation and stress are close in the FGC model and the ordinary concrete model. There is no noticeable stress concentration appear. The difference in hydration heat and damage factors between the FGC and ordinary concrete tower models are also discussed. The temperature and stress of the FGC tower are higher than that of the ordinary concrete tower during the generation of the hydration heat. In the crack damage simulations, the FGC performs better than the ordinary concrete, and the durability of the FGC tower may be benefited by this.
MECHANICAL PROPERTY TESTS OF THE FGC MATERIAL
To achieve the FGC material, a layer of 30 cm-thick white fiber high-performance concrete is installed on the surface of the ordinary concrete structure layer. Moreover, ordinary C50 concrete is applied in the structural layer. The cross-section of the structure is demonstrated in Figure 1. The structure and mechanical properties of the FGC tower will be further introduced in The Structure of the FGC Tower and Mechanical Property Tests of the Transition and Functional Layer.
[image: Figure 1]FIGURE 1 | The gradient structure.
The Structure of the FGC Tower
The FGC tower section is divided into the functional, transition, and structural layers from outside to inside. The structural layer is vertically designed with the fiber-reinforced concrete section and the ordinary high-strength concrete section from top to bottom, as shown in Supplementary Figure S1. The functional layer materials are mainly used for anti-cracking, and durability protection. The transition layer connects the functional layer and the structural layer. Besides, it achieves the gradient transition of material components and has no macroscopic interface.
Owing to its superior performance for crack resistance and ductility, the FGC material is located in the area where the tensile stress is likely to occur, that is, the reinforcement layer. The force transfer between the structural and functional layers is optimized through the bonding and friction of steel bars. It can coordinate the deformation and reduce the stress concentration at the interface.
Mechanical Property Tests of the Transition and Functional Layer
Mechanical properties tests were performed to determine the FGC performance in practice. The specimens with a size of 600 mm × 150 mm × 300 mm were made, and the galvanized steel wire mesh was placed. The diameter of the steel wires is 0.7 mm, and the mesh size is 9 mm × 9 mm. By cutting and sampling the transition layer concrete in the range of 75 mm around the wire mesh, the size of the sampling components is 150 mm × 150 mm × 300 mm and 150 mm × 150 mm × 150 mm. The block with a size of 150 mm × 150 mm × 300 mm is taken for elastic modulus test, and the 150 mm × 150 mm × 150 mm cube block is used for splitting tensile strength and compressive strength test. The size of the test block is shown in Figure 2. Supplementary Table S1 demonstrates the concrete mix proportion of the functional and structural layers.
[image: Figure 2]FIGURE 2 | The schematic diagram of the gradient concrete test block.
According to the GB/T50081-2002, the strength, elastic modulus, and splitting tensile strength of the functional, transition, and structural layers were tested after 28 days. The experimental results are shown in Table 1. It can be seen from Table 1 that the compressive strength of the transition layer is 59.1 MPa, and the compressive elastic modulus is 45.0 GPa, which are between those of the structural layer and the functional layer. The split tensile strength of the functional layer is 31.1% larger than that of the structural layer.
TABLE 1 | The mechanical properties of the FGC.
[image: Table 1]The mechanical properties of the FGC, especially for the tensile strength, are obviously improved by adding the basalt fibers and silica-fume to the FGC. The test results show that the gradient variation of material causes gradient variation of mechanical property. Besides, there is no weak gradient transition zone during the tests, and the overall deformation is coordinated. The functional layer concrete with higher mechanical properties may improve the crack resistance of the concrete tower.
Pore Structure Reconstruction of FGC
To analyze the pore structure of the FGC, the X-CT (X-ray computed tomography) is used to observe the size, quantity and distribution of the pores (Du Plessis et al., 2016; Zhang et al., 2020). As shown in Figures 3, 3D images of the pore structures in different parts of the FGC are calculated by the reconstruction algorism after the X-CT scan. A color scale is used to indicate the size of the pore, with the color from blue to red representing the size of the pore from small to large. The porosity of the functional layer, transition zone and the structural layer are 0.31, 0.35, and 0.47%, respectively.
[image: Figure 3]FIGURE 3 | The pore volume of the concrete (unit mm3). (A) The functional layer (B) The transition zone (C) The structural layer.
The porosity of the gradient concrete presents gradient changes. Besides, the average volume of the pores in functional layer concrete is smaller than that in other area. The functional layer concrete contains fewer and smaller pores than the structural layer concrete, and the durability of the FGC can be benefitted from the low porosity.
MECHANICAL BEHAVIOR AND MICROSTRUCTURE ANALYSIS OF THE FGC TOWER
The Chizhou Yangtze River Bridge, which is 1,448 m long, adopts an equal height double-tower cable-stayed bridge with an asymmetric mixed beam. Its main tower is 243 m high, and each tower has 108 stay cables. Supplementary Figure S2 shows the overall layout of this bridge.
The main tower of the cable-stayed bridge is designed as a vase-shaped reinforced concrete structure. It comprises the lower, middle, and upper towers, the upper and lower cross beams. The Z4 north tower is 237 m high. The width of the main tower along the bridge is 9.5 m in the upper tower and 9.5–13 m in the middle and lower tower s. The tower is a reinforced concrete structure, the upper crossbeam is a steel structure, and the lower one is a prestressed concrete structure. The upper tower is 109.7 m high, 5 ∼ 6 m wide, and 9.5 m wide along the bridge. Supplementary Figure S3 shows the elevation map of the main tower.
The FE Model
The finite element software ABAQUS is used to create the tower model. In this paper, the model is partially simplified: 1) the influence of different internal forces on the two limbs is ignored; 2) the symmetric loading boundary condition is considered; 3) the monolithic rigid frame and anchor rod are used instead of steel beam; 4) the improvement of stress concentration due to the chamfer of the horizontal plate hole is not considered.
The C3D8R hexahedral solid element is adopted in the concrete of the functional layer and the transition layer of the bridge tower main structure. Due to the irregular shape of the structural layer and the lower beam concrete, the C3D10 tetrahedral solid element is selected for free meshing. The truss element is used to simulate the bolt, and the embedded function is used to embed the bolt into the concrete. For the mechanical properties of the FGC, the C3D8R hexahedral solid element is used to simplify the analysis of steel beams. The numerical analysis of functionally graded materials is based on the layered FE modeling method, which assigns each layer with different gradient variation functions of material parameters. According to material properties, the bridge tower entity model is divided into the functional, transition, and structural layers. The thickness of the functional layer and transition layer is 22.5 and 15 cm, respectively. According to the experimental results, the elastic modulus of concrete in the structural layer, functional layer, and transition layer is 44.2, 46.5, and, 45.0 GPa, respectively. Figure 4 demonstrates the FE model mesh and section of the tower. The concrete density is tested as 2625 kg/m3, the steel beam is the Q370qE steel; the dead load is a combination of self-weight, the vertical reaction of the beam, and the cable force. The loading is set 1–2.5 times of the dead load, with an interval of 0.5 times.
[image: Figure 4]FIGURE 4 | The diagram of the tower grid division.
Stress and Strain Analysis of the FGC Tower
To study the mechanical behaviors of the FGC tower, a comparison model of the ordinary concrete tower is also created. The size, mesh division, and load application of the ordinary compared model are completely consistent with the FGC tower model. The difference is that the properties of concrete materials of the second model are consistent, and its elastic modulus is 44.2 GPa. By comparing the calculation results of the two models, the influence of the gradient concrete on the deformation and stress distribution is studied. Figures 5A,B show the axial stress cloud chart of the FGC and the ordinary concrete cable towers under 2.5 times dead load. It can be found that the results of the FGC tower and the ordinary concrete tower are consistent. Furthermore, there is no stress concentration when the load increases. Under 2.5 times dead load, the maximum compressive stress is 22.4 MPa.
[image: Figure 5]FIGURE 5 | The axial stress cloud chart of the concrete tower under 2.5 times dead load. (A) The stress cloud chart of the FGC tower. (B) The stress cloud chart of the ordinary concrete tower.
According to the stress distribution characteristics, the transition cross-section between the upper and middle tower (at the height of 144.8 m) is selected to analyze the stress distribution. The stresses of the measuring points at the midline of the cross-section are obtained. The measuring points are shown in Figure 6. Through the changing trend of node stress value on the midline, the effect of FGC on the tower is further analyzed. The distribution curves of stress and strain of the upper tower section on the FGC tower and the ordinary concrete tower are shown in Figures 7A–D. Through the stress and strain analysis and comparison between the FGC tower and the ordinary concrete tower, it can be found that the stiffness of the FGC tower is slightly improved. Moreover, the difference in stress and strain is less than 4 and 1.5%, respectively. The strain and stress distributions of the FGC and the ordinary concrete tower are consistent. The vertical displacements at the midline of the tower top are obtained and presented in Figure 8.
[image: Figure 6]FIGURE 6 | The measuring points at the midline of the cross-section at the height of 144.8 m.
[image: Figure 7]FIGURE 7 | The midline stress and strain distribution of the cross-section at the height of 144.8 m. (A) The stress distribution of the FGC tower. (B) The stress distribution of the ordinary concrete tower. (C) The strain distribution of the FGC tower. (D) The strain distribution of the ordinary concrete tower.
[image: Figure 8]FIGURE 8 | The comparison of the displacements at the tower top.
According to the comparisons, the stress and displacements of the FGC tower are smaller than that of the ordinary concrete tower, and the trends of the stress distribution and displacements of FGC tower and ordinary concrete tower are almost the same. It indicates that the usage of the FGC has not cause nonuniform stress distribution in the transition zone of two kinds of concrete, and the FGC improved the vertical stress distribution and the stiffness of the tower.
THE THERMAL STRESS OF THE FGC TOWER
Bridges are usually influenced by internal and external factors such as the hydration heat state, the construction environment, daily and seasonal fluctuations in temperature, and solar radiation, which leads to the internal and external temperature difference. Temperature action causes considerable stress and deformation. These thermal effects are likely to induce cracking, support and expansion joint damage, and even collapse (Potgieter and Gamble, 1989; Catbas et al., 2008; Cross et al., 2013; Abid et al., 2016; Kromanis and Kripakaran, 2016; Sousa Tomé et al., 2018). In this section, the temperature stress of the FGC tower under the effect of gradient temperature load and hydration heat effect is studied, respectively. Moreover, the simulated results are compared with those of ordinary concrete towers.
The Stress of the FGC Tower due to the Gradient Temperature
The concrete tower is deformed by the effects of natural temperature changes and sunshine radiation. When the surface temperature of the tower rises/decreases rapidly, the internal temperature is still in the original state. Thus a large temperature gradient will be generated. It further keeps each part of the tower at a different temperature state and produces different temperature deformation. When the deformation is subject to internal and external constraints, considerable constraint stress will be generated inside the tower. Such constraint stress is sometimes even larger than the stress generated by the load.
According to Chinese specifications JTGD60-2015 and JTG-T3365-01-2020, the temperature difference between the left and right side of the central tower is ±5°C, the linear expansion coefficient of steel structure is 1.2 × 10−5/°C, and the linear expansion coefficient of concrete and reinforced concrete and prestressed concrete structures is 1 × 10−5/°C. The dead load includes the cable force and the bridge reaction force of the lower beam support. As a result of the difference between the linear expansion coefficient of steel and concrete, the stress due to the gradient temperature at the fixed position of the upper tower steel beam and the dense reinforcement is enormous. The maximum temperature stress appears at the transition cross section between the top and the middle tower, located at the height of 144.8 m. Figures 9A,B compare the Von Mises stress of the two models with different materials due to the dead load and gradient temperature load. The maximum Von Mises stress of the ordinary concrete and FGC tower is 4.26 and 4.39 MPa (tensile stress). The maximum Von Mises stress of the ordinary concrete tower is slightly smaller than that of the FGC tower. The main reason is that the FGC has a larger stiffness and is more affected by gradient temperature than the ordinary concrete. Affected by the gradient temperature, the stress from the sunny side to the shady side gradually decreases.
[image: Figure 9]FIGURE 9 | The Von Mises stress at the transition section of the upper tower and the middle tower due to the dead and gradient temperature loads. (A) The Von Mises stress of the FGC tower. (B) The Von Mises stress of the ordinary concrete.
The Hydration Heat Analysis
The Hydration Heat Theory and FE Model
The expansion and shrinkage caused by the thermal changes can strongly influence the stress distribution of the mass concrete structures (Huang et al., 2018; Do et al., 2020). According to Zhu’s research (Zhu, 2013), the exponential function is adopted to calculate the hydration heat. The function is defined as:
[image: image]
where [image: image] is the accumulated hydration heat when the concrete age is t, [image: image] is the final hydration heat when the age of concrete tends to infinity. The [image: image] and [image: image] in Eq. 1 are the influence coefficients of hydration heat ([image: image]).
The elastic modulus of concrete varies with age, and the elastic modulus is calculated by Eq. 2.
[image: image]
in which, [image: image] is the elastic modulus of the concrete when the concrete age is t. [image: image] is the elastic modulus of the concrete after curing. The values of [image: image] and [image: image] are listed in Supplementary Table S2. The hydration heat effect is analyzed by the commercial software ANSYS. The solid70 element is used for modeling. During the stress and strain analysis, the solid70 element is converted into a solid45 element. Due to the large volume of concrete in the connection section between the tower and the pile cap, the hydration heat of this area is analyzed. The environment temperature of the modeling is set as 20°C. The thermal conductivity and the specific heat capacity are listed in Supplementary Table S3. The initial temperature is 20°C, the Poisson’s ratio is 0.2, and the thermal expansion coefficient is 10−6/°C. The heat dissipation coefficient of the concrete surface is [image: image] .Fixed constraints are imposed on the bottom of the concrete tower.
The hydration heat is applied by the heat generation of concrete in unit time which is determined by the heat generation rate (HGEN) function. It is applied as a volume load on the element to simulate the chemical reaction of cement. The expression of HGEN is expressed as:
[image: image]
where, [image: image] is the amount of concrete cement per unit volume.
Under hydration heat, the maximum deformation of bridge towers is 0.018 m in the transverse direction, 0.015 m in the longitudinal direction, and 0.02 m in the vertical direction. Due to the constraint conditions, the deformation of the lower part is relatively small, while that of the upper area is relatively large. The whole model shows a tendency of outward expansion under the hydration heat. The thickness of the functional layer also has a certain influence on the temperature stress of the model. Therefore, in temperature stress analysis, the FGC model with the functional layer thickness of 30 cm is constructed.
The Temperature and Stress Comparison
The FGC model is compared with the ordinary concrete model for temperature and stress, and the cross-section at the height of 4 m is selected. When the temperature and the stress reach their maximum values, respectively, the stress and temperature cloud charts of the two models are shown in Figures 10, 11. The internal temperature of the FGC tower and the ordinary concrete tower reached the maximum value at about 84 h after pouring. The internal temperature of the FGC tower is 50.4°C, and the internal hydration temperature of the ordinary concrete tower is 47.6°C. The maximum tensile stress of the FGC tower and the ordinary concrete tower is 4.01 and 3.78 MPa, respectively. The maximum tensile stress appears at the corners of the cross-sections and the stress reaches the highest at about 48 h after pouring.
[image: Figure 10]FIGURE 10 | The temperature cloud chart under the hydration heat. (A) The temperature cloud chart of the FGC tower after 84 h. (B) The temperature cloud chart of the ordinary concrete tower after 84 h.
[image: Figure 11]FIGURE 11 | The maximum principal stress cloud chart under the hydration heat. (A) The maximum principal stress cloud chart of the FGC tower after 48 h. (B) The maximum principal stress cloud chart of the ordinary concrete tower after 48 h.
To further compare the changing of temperature and stress between the FGC tower and the ordinary concrete tower, the values at the measuring points in the first 10 days are collected. The locations of the measuring points in the cross-section are shown in Figure 12. The time-history curves of different measuring points are shown in Figures 13, 14. As presented in Figure 13, the temperatures at points A-2, B-2, and C-2 increased to the maximum values, and then become decreasing. Due to the heat exchanging between the concrete surface and the external environment, the temperatures of the surface are low. The temperature of the FGC tower is higher than that of the ordinary concrete tower. The main reason is that the higher content of cement in the FGC makes the higher heat generation of hydration.
[image: Figure 12]FIGURE 12 | The locations of the measuring points.
[image: Figure 13]FIGURE 13 | The time-history curve of temperature. (A) The temperature at points A1–A3 (B) The temperature at points B1–B3. (C) The temperature at points C1–C3.
[image: Figure 14]FIGURE 14 | The time-history curves of the maximum principal stress. (A) The stress at points A1–A3. (B) The stress at points B1–B3. (C) The stress at points C1–C3.
As presented in Figure 14, during the generation of the hydration heat, the internal area is under compression and the concrete at the surface of the tower is under tensile. The stress of the FGC caused by the hydration heat is higher than that of the ordinary concrete because the hydration heat of FGC is higher than that of ordinary concrete. At the same time, the FGC with high strength at early age makes concrete tower external tensile stress increased. It can be concluded that the stress of the FGC tower is larger than that of the ordinary concrete tower under the hydration heat effect.
CRACK RESISTANCE OF THE FGC TOWER
The existence of cracks reduces the stiffness of the bridge and weakens the material strength. Even minor cracks may affect the durability of the bridge. Thus, it is essential to analyze the crack resistance of the FGC.
The Plasticity Damage Model
In this section, the concrete plasticity damage model provided by ABAQUS is used. The damage plasticity model was proposed by Lubliner et al. (1989) and then developed by Lee and Fenves (1998). It assumed that the elastic behavior of the material is isotropic and linear. The constitutive relation of concrete is determined according to the GB50010-2010. The stress-strain ([image: image]) relationship of the concrete under the uniaxial compression is determined as,
[image: image]
1, [image: image] and [image: image]. The [image: image] and [image: image] represent the peak strain and stress in the stress-strain curve of the concrete under the uniaxial compression, respectively. In Eq. 4, [image: image], [image: image] and [image: image] is the design value of the axial compressive strength of concrete.
The stress-strain ([image: image]) curve formula of concrete under uniaxial tension is formed as follow:
[image: image]
where [image: image], [image: image], The [image: image] and [image: image] represent the peak strain and stress in the stress-strain curve of the concrete under the uniaxial tensile, respectively. [image: image] and ft is the design value of axial tensile strength of concrete.
The damage factors are determined for the usage of the plasticity damage model in ABAQUS. The damage factors calculation formulas are given in GB 50010-2010. The uniaxial compression damage factor:
[image: image]
where [image: image]. [image: image] is secant modulus at peak compressive strain.
The uniaxial tensile damage factor:
[image: image]
in which, [image: image][image: image] is the secant modulus corresponding to the maximum tensile strain.
The material parameters selected in the model are presented in Table 2 αf is the ratio of biaxial ultimate compressive strength to one cycle ultimate compressive strength of the concrete. K is the ratio of second stress invariants on the tensile meridian and compressive meridian. The damage factor calculation curve and the stress-strain curves can be obtained by putting the FGC parameters into the above formulations, respectively, and the results are further presented in Figures 15, 16.
TABLE 2 | Material parameters of the ABAQUS model.
[image: Table 2][image: Figure 15]FIGURE 15 | The uniaxial stress-strain curve of the FGC. (A) The uniaxial compression stress-strain curve of the FGC. (B) The uniaxial tensile stress-strain curve of the FGC.
[image: Figure 16]FIGURE 16 | The curve of the damage factor. (A) The curve of the compression damage factor. (B) The curve of the tensile damage factor.
Failure Analysis of the FGC and the Ordinary Concrete Towers
Based on the FE model, the failure analysis of the FGC and the ordinary concrete towers is further conducted, and the results are presented in Figures 17, 18. In Figures 17, 18, the red area represents the failure area. In the tensile cloud image, the red areas represent areas of concrete cracking. While in the compression cloud image, the red areas represent areas where concrete is crushed and spalling. It can be seen from Figure 17 that the compressive damaged area of the ordinary concrete tower and the FGC tower is almost the same. Besides, the compression damage degree of the ordinary concrete tower is slightly larger than that of the FGC tower. Figures 18A,B show that in the anchor zone of cable and upper tower, the upper tower of each model has a local compression damage zone due to the action of cable force. However, the outer layer of the FGC tower is the functional layer of concrete, its tensile strength is relatively large, and so the local tensile damage is relatively small. It can also be seen from Figure 18 that the tensile damage at the anchorage of the lower tower and beam is relatively extensive. Also, there is some tensile damage at the bottom of the lower tower.
[image: Figure 17]FIGURE 17 | The compressive damage cloud chart of the two different materials models. (A) The compressive damage cloud chart of the FGC tower. (B) The compressive damage cloud chart of the ordinary tower.
[image: Figure 18]FIGURE 18 | The tensile damage cloud chart. (A) The tensile damage cloud chart of the FGC tower. (B) The tensile damage cloud chart of the ordinary concrete tower.
The damage degree of the FGC tower at this section is lower than that of the ordinary concrete one, and the reasons can be concluded as: 1) the crack resistance of the FGC tower is strengthened due to the improved mechanical properties of the functional layer concrete; 2) the usage of FGC material reduces the maximum stress of the concrete tower which can also reduce the damage of the concrete; 3) the functional layer concrete is set at the outer layer of the tower where the stress is large.
CONCLUSION
The functionally gradient concrete is innovatively introduced into the towers of the Chizhou Yangtze River Bridge. It achieves the integrated design of mechanical properties and durability of the tower, and expands the application of FGC in engineering. Through the mechanical properties tests and the FE model simulations, the following conclusions can be drawn:
(1) To study the performance of the gradient concrete tower, the mechanical properties of the novel gradient concrete tower material are tested. The obtained mechanical properties of the functional layer, transition layer, and structural layer can be further used for the mechanical behavior analysis of the bridge tower.
(2) Based on the calculated stress and deformation of the FGC and ordinary towers, the stiffness of the FGC cable tower increases slightly, and the vertical displacement is smaller than that of the ordinary concrete cable tower.
(3) During the concreting, the high-performance concrete in the functional layer may generate the hydration heat. The influence of the hydration heat caused by the functional layer is relatively small. However, the crack resistance of the tower increases due to the FGC material.
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