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Abstract: The continuous increase in the single-unit capacity of wind turbines and the continuous increase 

in the hub height have led to new requirements for the structural performance of wind turbine towers. Pre-

cast prestressed concrete towers that are widely used in the field for large turbines and high towers are grad-

ually replacing traditional steel towers on the market. However, research on structural joints, especially ver-

tical joints where several precast concrete pieces are assembled into a ring segment, is limited. One way to 

improve the integrity of the structure and clarify the load path is to apply circumferential prestressing to the 

annular precast tower containing vertical structural joints. With the structural design example in a certain 

concrete wind tower project, this paper analyzes the effects of different magnitudes of circumferential pre-

stressing on the structural performance under the service loads and the ultimate loads and proposes a 

method to determine the optimized design of the structure. 
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1  Introduction 

In recent years, with the continuous increase in the rated power, rotor diameter 

and hub height of wind turbines, precast concrete wind turbine towers have been 

widely increasingly used due to better structural performance, lower cost, and ability 

to avoid structural resonance[1,2]. In the case of wind turbines with a hub height 

greater than 120 m, traditional steel towers are more and more difficult to perfectly 

match the requirements in design, construction, full-life cycle operation, mainte-

nance, and cost. Where wind power has entered the era of bidding up the power 

market, precast concrete towers already possess the market environment and tech-

nical maturity for mass construction [3]. 

At present, the commonly used concrete wind tower design mostly adopts the 

precast, prestressed, schemes; that is, the concrete wind turbine tower is assembled 

on site from concrete ring segments of different sizes, and the diameter of the precast 

segments can gradually decrease from bottom to top. Each ring segment can be pro-

duced as a whole or in pieces and assembled on site. Vertical prestress is always ap-

plied from bottom to top, both ends anchored in tower foundation and the top con-

crete segment. The application of longitudinal prestress significantly increases the 

flexural capacity of a segmental precast wind tower; in addition, by increasing the 

cross-sectional bearing stress, it also increases the friction-shear capacity and tower 

structure integrity. 

By splitting the full ring segment (as shown in Figure 1) into multiple precast 

concrete pieces (as shown in Figure 2), it makes considerable advantages in terms of 

the flexibility in transportation and the preparation of formworks. However, for the 

segments with vertical splits, the applied ultimate bending moment associated with 

large torsion and horizontal shear force, can also be a severe challenge to the integrity 

of its structure. To improve the structural behavior, most concrete towers require 
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grouting at structural joints, which consumes a big volume of grout materials and 

increases the onsite assembly difficulties and duration. Moreover, grouting process 

is easily affected by temperature and weather conditions, the construction quality 

and time could be difficult to control. For the joints employing embedded steel parts 

and bolts, the bond slip between the embedded parts and the concrete as well as the 

local spalling of the concrete under cyclical loads will reduce the structural capacity, 

which leads to substantial tower deterioration. And thus, the above characters might 

create uneven stress concentrations, which is not beneficial to meet seismic require-

ments. 

To address the issue associated with grouting connections with bolts, the prac-

tice of applying circumferential prestressing to an annular towering segment with 

multiple vertical joints can improve the integrity of the structure make the load-path 

more straight forward. In addition, it can help to make the structural layout more 

flexible, to reduce the construction duration, and help to reduce the construction cost. 

Another benefit is the circumferential prestressing steel strands do not necessarily 

require grouting, the quality and prestress loss are usually well predictable. 

 

Figure 1  Full-ring precast segmental concrete wind turbine towers 

 

Figure 2  Precast concrete segments with vertical joints 

2  Case Study 

Herein, a concrete wind turbine tower (built in 2023, China) with a hub height 

of 160 m (Figure 3 a)) is used as an example, the effect of circumferential prestressing 

is analyzed and discussed. This hybrid tower structure consists of a 132m concrete 

portion at the bottom and a 28 m steel portion at the top, where the steel tower con-

nects the concrete base with the wind turbine nacelle. The concrete tower is divided 

into 44 ring segments along the height direction, each was designed with a height of 

3m. Each segment of the tower is composed of three 120° tower pieces, and the ver-

tical joints between the adjacent two ring segments are staggered. Epoxy grout was 

used on horizontal joints between ring segments and the vertical joints between con-

crete pieces. After the tower is erected, the longitudinal prestressed steel strands 
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running through the tower are tensioned to ensure the tower design capacity. Each 

bundle of prestressed steel strands has a total of 1 × 18 high-strength, low-relaxation 

𝜙𝑠15.2cables (nominal diameter of 15.2 mm) with a tensile strength of 1860 MPa, and 

the tension control stress is 70% of the material yield strength. The anchors, cable 

clamps, dampers and other ancillary facilities are shown in Figure 3d). 

 

 

 

b) Conical tower segment - S3 selected for 

modeling 

 

a) Elevation 

view 

c) Reinforcement diagram of segment S3 

of the tower 

d) Schematic of the longitudinal prestressing sys-

tem 

Figure 3  Structural diagram of the precast concrete tower 

In this design, a basic unit is consisted by several straight cylinder segments 

connected with a conical segment to reduce the diameter to the next level, to make 

the tower outer diameter gradually reducing from 9.5m at the base to 4.5m at the top 

of the concrete portion. Three circumferential prestressed steel strands are designed 

at the lower 1/3 of the height of each conical segment to apply circumferential pre-

stressing. 

In the following calculations, the conical tower segment closest to the founda-

tion (the 3rd segment from the bottom, hereinafter referred to as segment S3, as 

shown in Figure 3b)) is selected for modeling and analysis. The wall thickness of 

segment S3 of the tower is 260 mm, the top diameter is 9,000 mm, the bottom diam-

eter is 9,500 mm, and the height is 3,000 mm. The concrete grade applied to the full 

tower is C75 (cube strength), and the reinforcement layout of the tower segment is 

shown in Figure 3c). In the circumferential direction, there are a total of 32 C12 (32 

reinforcement bars with a strength grade of HRB400 and a diameter of 12 mm.) Cir-

cumferential reinforcement bars were evenly distributed along the height of the 

tower in the two layers inside and outside. At 100 mm, 350 mm, and 600 mm from 

the bottom end, a low-relaxation prestressed steel strand 𝜙𝑠15.2 is placed at each 
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height, with a tensile strength 𝑓𝑝𝑡𝑘 of 1,860 MPa. When each strand is tensioned, the 

applied prestress is 0.7𝑓𝑝𝑡𝑘. After various prestressing losses are considered, the final 

effective tension design value is 0.45𝑓𝑝𝑡𝑘, which is 117.18 kN. Straight cylinder seg-

ment S2 (beneath segment S3) has the same top diameter as the bottom diameter of 

segment S3, which is 9,500 mm, the bottom diameter of S2 is 9,500 mm, the height is 

3,000 mm, and the thickness is 260 mm. The circumferential reinforcement setting is 

the same as that of segment S3. In addition, four circumferential reinforcement bars 

C28 are additionally arranged at the top of segment S2 to increase the circumferential 

stiffness at the top of segment S2. 

In a certain wind power project, the above-mentioned scheme design is adopted, 

and one of the three circumferential steel strands in segment S3 is combined with an 

optical fiber to create a CFRP-OFBG intelligent steel strand for prestress monitoring. 

During the processing and production of the FRP bars, the optical fiber grating is 

sent into the mold cavity in parallel. After passing through the high-temperature and 

high-pressure mold cavity, the optical fiber grating is coupled in the center of the 

FRP, as shown in Figure 4. The grating sensor and the FRP carry out strain measure-

ments based on the principle of synergistic deformation. In this way, the produced 

FRP material is embedded with a fiber grating sensor with sensing characteristics, 

and the tensile strength of the CFRP bar is greater than 2,000 MPa. 

 

Figure 4  Schematic of the intelligent steel strand 

In the actual measurement, four measuring points are taken for the recording of 

the circumferential intelligent steel strand (Figure 5). Before the tensioning of the 

smart steel strands, the initial wavelength 𝜆0 was measured through the embedded 

grating sensor. During the circumferential prestressing tensioning, the wavelength 

data measured by the embedded grating sensor were used. By calculating the change 

in wavelength before and after, the strain value of the steel strand can be derived, 

which then allows for the calculation of the actual prestress force 𝐹 of each intelli-

gent steel strand. Detailed monitoring data are shown in Table 1. It can be seen, the 

prestress loss is greater at measurement points 1 and 4, which are close to the ten-

sioning ends, leading to slightly lower stress values. In contrast, the prestress loss is 

smaller at measurement points 2 and 3, resulting in higher stress values. Considering 

that the circumferential steel strands are tensioned from both ends and that there is 

some overlap where the strands loop around, the relatively low prestress measure-

ment values at points 1 and 4 do not affect the prestress applied to the main body of 

the structure. 

 

Figure 5  Measuring points of the circumferential intelligent steel strand in segment S3 

Note: The length of reading leading wire of S3 intelligent steel strand is 8 m. 
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Table 1  Monitoring data of the circumferential intelligent steel strand in segment S3 

Measuring 

Point 

Initial Wave-

length𝝀𝟎 

Measured Wave-

length𝝀𝒊 

Measured 

Force𝑭 

Theoretical Cal-

culated Force𝑭𝟎 
Percentage 

(nm) (nm) (kN) (kN) 𝑭/𝑭𝟎 

Point 1 1,536.006 1,542.209 163.8 165.9 98.78% 

Point 2 1,540.567 1,546.299 151.4 131.5 115.11% 

Point 3 1,545.213 1,551.519 166.6 125.5 132.69% 

Point 4 1,550.089 1,553.721 95.9 108.3 88.55% 

3  Simplified Calculation of the Structural Forces in the Conical Segment 

The structural parts near the nonvertical joints can be approximately regarded 

as the whole-ring segment structure for simplified analysis (Figure 6), whereas near 

the vertical joints, it is difficult to obtain the role of circumferential prestressing in 

the structural force balance through simplified calculations because of the more com-

plex force situation. Under the action of service loads, the annular horizontal joints 

are fully compressed under the whole section, and the strut-and-tie model can be 

used to simplify the analysis of the stress state of the reinforcement at the top of seg-

ment S2 and the bottom of segment S3 (not suitable for cases where one side of the 

horizontal joint of the tower partially separates under ultimate loads). The external 

load acting on the top of the conical segment is applied to the center of the top surface, 

a narrow unit with a width of 𝑑𝜃 in the circumferential direction is taken for the 

force analysis of the strut-and-tie model, and the equivalent compressive stress of the 

external load is applied to the centroid of the corresponding arc. 

 

 

a) Simplified model of segment S3 b) Select the analysis unit 

 
 

c) Strut-and-tie model of the analysis unit d) Circumferential tension of the analysis unit 

Figure 6  Simplified calculation model of the structural forces of the conical segment S3 

The vertical force 𝑑𝑃𝑡  applied to the top of the analyzed unit within the 𝑑𝜃 

width range is shown in Equation (1), and the vertical force 𝑑𝑃𝑏  applied to the bot-

tom of the analyzed unit is shown in Equation (2). Disregarding the self-weight of 

this segment of the tube wall (the top external load and the tension of the steel strand 

on the tube are much greater than the self-weight of this segment of the tower struc-

ture), let 𝑑𝑃𝑡 = 𝑑𝑃𝑏 , where the maximum values of the compressive stresses 𝜎𝑣𝑡 and 

𝜎𝑣𝑏 on the upper section and lower section, respectively, of the tube wall are shown 

in Equations (3) and (4), respectively. Taking the moment 𝑑𝑀  at the top of the 
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segment, the moment generated by the vertical force is shown in Equation (5), the 

moment 𝑑𝑀 generated by the horizontal force is shown in Equation (6), and the ra-

dial component 𝑑𝐻𝑥 of the tension of the circumferential reinforcement and the steel 

strand is shown in Equation (7). 

𝑑𝑃𝑡 = 𝜎𝑣𝑡 ⋅ 𝑅𝑡 ⋅ 𝑑𝜃 ⋅ 𝑡𝑡 (1) 

𝑑𝑃𝑏 = 𝜎𝑣𝑏 ⋅ 𝑅𝑏 ⋅ 𝑑𝜃 ⋅ 𝑡𝑏 (2) 

𝜎𝑣𝑡 =
𝑃

𝐴𝑡

±
𝑀

𝑊𝑡

 (3) 

𝜎𝑣𝑏 =
𝑃

𝐴𝑏

±
𝑀

𝑊𝑏

 (4) 

𝑑𝑀 = 𝑑𝑃𝑏(𝑅𝑏 − 𝑅𝑡) (5) 

𝑑𝑀 = 𝑑𝐻𝑥 ⋅ 0.9ℎ (6) 

𝑑𝐻𝑥 = 2𝐻
𝑑𝜃

2
 (7) 

where 𝑅𝑡 and 𝑅𝑏 are the radius at the top and bottom sections of the conical 

segment S3; 𝑡𝑡  and 𝑡𝑏  are the wall thicknesses at the top and bottom; ℎ  is the 

height of the conical segment; 𝑊𝑡 and 𝑊𝑏 are the sectional modulus of the top and 

bottom surfaces of this segment, respectively. 

Under the plane-section assumption, the upper half of conical segment S3 is cir-

cumferentially compressed, and the lower half of the conical segment S3 is circum-

ferentially tensioned. The top of the straight cylinder segment S2 is circumferentially 

tensioned, and the bottom is circumferentially subjected to very little force. Conser-

vatively, if the tensile stress in the concrete is disregarded, the circumferential tension 

is assumed to be carried by the circumferential reinforcing bars and the circumferen-

tial prestressed steel strands within the lower 1/3d of conical section S3, and the cir-

cumferential reinforcing bars within the upper 1/3d of cylindrical section S2. The ser-

vice applied service load 𝑀 and 𝑃 on the top position of the segment S3 are 124,647 

kN∙m and 62,926 kN respectively. After sorting, the circumferential tension is shown 

in Equation (8). The total tension of the three steel strands with an effective stress of 

0.45𝑓𝑝𝑡𝑘 is 480 kN, and the remaining tension is borne by the reinforcement. The ten-

sile stress of the reinforcement is 153.6 MPa, which is less than the yield stress of the 

reinforcement, as shown in Equation (9). 

𝐻 = (
𝑃

2𝜋
+

𝑀

𝜋𝑅𝑏

) ⋅
𝑅𝑏 − 𝑅𝑡

0.9ℎ
= (

62926

2𝜋
+

124647

𝜋 × 9.5
) ×

4.62 − 4.37

0.9 × 3
= 1314 kN (8) 

𝜎𝑠𝑡 =
𝐻 − 𝑇𝑝

𝐴𝑠

=
1314 − 480

5428
× 103 = 153.6Mpa (9) 

4  Finite Element Model 

The finite element software Abaqus is used to establish and solve the model in 

the research and analysis. The coordinate system of the model is shown in Figure 7, 

where the origin of the coordinate system is located at the center of the bottom sur-

face of tower S2, gravity is along the negative direction of the y-axis, and a vertical 

splicing joint of tower S3 is located above the positive direction of the x-axis. The 

tower structure is simulated by a three-dimensional, eight-node reduced integration 

solid element, C3D8R, and the reinforcement and circumferential prestressed steel 
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strands are simulated by a three-dimensional, two-node truss element, T3D2, embed-

ded in the concrete tower segment [4]. The circumferential prestress at the bottom of 

the conical segment is simulated by applying a temperature field load (cooling) to 

the prestressed steel strands, whereas longitudinal prestressing is introduced into the 

model by applying a vertical external load. The circumferential and vertical splicing 

joints between the tower segments are set to allow for tangential finite sliding contact, 

and the friction coefficient is 0.5. At the center of the top surface of tower segment S3, 

the action point of the external load concentrated force is defined. To prevent stress 

concentration caused by the application of a concentrated force, this action point is 

coupled with the top surface element of segment S3. Owing to the regular geometric 

shape of the structure, the structural mesh adopts a hexahedral mesh. For each tower 

segment, the circumferential direction is divided into 120 equal parts, the radial di-

rection is divided into 4 equal parts, and the longitudinal direction is divided into 20 

equal parts. 

 

Figure 7  Finite element model, coordinate system, boundary conditions, and mesh division 

of tower segments 

To simulate the real service state of the tower, the load is applied in three steps: 

(1) Initial condition: Gravity, circumferential prestressing load, and longitudinal pre-

stressing load are applied. (2) Service condition: The service loads are applied. (3) 

Ultimate condition: The ultimate loads are applied. 

The magnitude of the circumferential prestressing load is defined by the ten-

sioning scheme, as described in the following schemes. The other ultimate loads ap-

plied to the top of segment S3 are calculated and given by the wind turbine main 

engine manufacturer, as shown in Table 2 and Figure 5. In the calculation, 60% of the 

ultimate loads are taken as the normal service loads and are listed in Table 2. 

Table 2  Service and ultimate design load combinations at the top of segment S3 of the tower 

Items Service Loads Ultimate Loads 

Transverse Force 𝐹𝑧 (kN) 926.4 1,534 

Longitudinal Force 𝐹𝑦 (kN) 62,926 64,633 

Bending Moment 𝑀𝑥 (kN∙m) 124,647 221,581 

Torsion 𝑀𝑦 (kN∙m) 1,558.8 2,598 

Since, in the working state defined in this example, the elastoplastic state of the 

concrete may have exceeded the elastic state and entered the plastic state, its elasto-

plastic properties need to be considered when defining the concrete material. Here, 

the concrete plastic damage model [5,6] is selected to describe the constitutive rela-

tionship of concrete. The stress‒strain curves of the concrete are shown in Figure 8. 
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a) Tensile stress‒strain curve 

 
b) Compressive stress‒strain curve 

Figure 8  Concrete stress‒strain curves used in the finite element model 

To compare the constraining effects of circumferential prestressing and ordinary 

reinforcement bars on the precast tower structure, the model compares and analyzes 

the following situations. The reinforcement design in Scheme A is as described in 

Chapter 2. In Scheme B, 8 C16 circumferential steel bars in 4 groups at the bottom of 

conical segment S3 are used, the remaining 24 C12 steel bars in 12 groups continue 

to be used, and the other parameters are the same as those in Scheme A. Compared 

with Scheme B, in Scheme C, the circumferential steel strand of conical segment S3 

uses 𝜙𝑠17.8, and the prestressing tensioning scheme is designed so that the effective 

prestressing force after the prestressing loss being applied is the same as that in 

Scheme B. In Scheme D, the other parameters are the same as those in Scheme B, and 

the difference is that the control tension force during construction is increased so that 

the effective stress after the prestressing loss being applied is 0.5𝑓𝑝𝑡𝑘. A comparison 

of the four schemes is shown in Table 3. To simplify the model, the influence of ver-

tical reinforcement is not considered in the simulation. 

Table 3  Comparison of different FEM simulation schemes 

Scheme 

Number 

Circumferential re-

inforcement of the 

conical segment 

Circumferential stiffeners 

at the top of the straight 

segment 

Circumferen-

tial prestressed 

steel strand 

Circumferen-

tial prestress 

A 32C12 4C28 3𝜙𝑠15.2 0.45𝑓𝑝𝑡𝑘 

B 24C12 + 8C16 4C28 3𝜙𝑠15.2 0.45𝑓𝑝𝑡𝑘 

C 24C12 + 8C16 4C28 3𝜙𝑠17.8 0.45𝑓𝑝𝑡𝑘 

D 24C12 + 8C16 4C28 3𝜙𝑠15.2 0.50𝑓𝑝𝑡𝑘 
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The simulation scheme is designed in this way to achieve the following research 

purposes: 

(1) By comparing schemes A and B, the effect of increasing the reinforcement ratio 

to enhance the stiffness of the bottom of the conical section is explored. 

(2) By comparing schemes B and C, the effect of increasing the prestress level 

through increasing the cross-sectional area of the prestressed steel strands is ex-

plored. 

(3) By comparing schemes B and D, the effect of increasing the prestress level by 

increasing the tensioning force while keeping the cross-sectional area of the pre-

stressed steel strands unchanged is explored. 

5  Model Results Analysis 

5.1  Structural Response of Scheme A under the Service Load 

For Scheme A, under the action of the service load, the deformation of tower 

segments S2 and S3 is shown in Figure 9. The maximum displacement of the tower 

segment occurs in the horizontal direction along the direction of the transverse ex-

ternal force. The maximum opening of segment S2 at vertical joint A is 0.92 mm. 

Moreover, owing to the influence of the bending moment and torsion, vertical joint 

D opens horizontally by 0.64 mm, which is significantly greater than that of vertical 

joint F (0.14 mm). In addition, a horizontal opening of 0.17 mm is also observed at 

vertical joint C. The openings at other locations are not significant (less than 0.1 mm). 

 

Figure 9  Structural deformation of scheme a under the service load 

Figure 10 shows the distribution of the compressive stress (Figure 10 a)) and the 

theoretical calculated value (Figure 10 b)) on the horizontal joint between S2 and S3. 

Under the service load, the maximum compressive stress on the compression side is 

15.6 MPa (disregarding the stress at the edge of the local vertical joint in the finite 

element model), and the finite element simulation value is consistent with the theo-

retical value. The maximum compressive stress occurs below vertical joint D, which 

is also the location with the largest deformation. 

Figure 11 shows the maximum principal stress (that is, the main tensile stress of 

the concrete) of the concrete in tower segments S2 and S3 under the service load. The 

maximum principal stress of conical segment S3 corresponds directly above the 

opening of vertical joint A, whereas the maximum principal stress of straight cylinder 

segment S2 is located below the opening of vertical joint D, with stress values of 2.995 

MPa and 2.825 MPa, respectively. The damage factor of concrete shown in Figure 12, 

some of the concrete has entered the plastic state, and two vertical cracks start to 

spread vertically from these two points to the other end of the tower. 
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a) Simulation value b) Theoretical calculated value 

Figure 10  Stress distribution at the horizontal joint between S2 and S3 

 

Figure 11  Maximum principal stress of the concrete in tower segments S2 and S3 

 

Figure 12  Concrete damage factor of the structure under the service load 

Figures 13 and 14 show the stress states of the reinforcement and steel strands, 

respectively, in the tower segment under the service load. The maximum stress po-

sitions of the tower segment reinforcement are easily observed to be the same as the 

maximum positions of the concrete. The maximum tensile stresses of the horizontal 

reinforcement in segments S2 and S3 are 54.1 MPa and 120.7 MPa, respectively. The 

maximum tensile stress of the steel strand configured in conical segment S3 appears 

at vertical joint A, which is 944.3 MPa, an increase of 12.8% compared with the initial 

prestress of 837 MPa. 
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a) Segment S3 b) Segment S2 

Figure 13  Tensile stress of the circumferential reinforcement of the tower 

 

Figure 14  Tensile stress of the prestressed steel strand 

A comparison of the circumferential reinforcement stresses of tower segments 

S2 and S3 in Figure 13 reveals that the circumferential reinforcement stress at the top 

of segment S3 is approximately 2.2 times greater than the circumferential reinforce-

ment stress at the bottom of segment S2. In the comparison of Schemes B, C, and D, 

the stress state of this part is optimized by increasing the circumferential reinforce-

ment at the bottom of segment S3, increasing the cross-sectional area of the pre-

stressed steel strand at the bottom of segment S3, and increasing the circumferential 

steel strand prestress of segment S3. These measures are aimed at reducing the stress 

value in the circumferential reinforcement and decreasing the tensile stress in the 

concrete circumferential direction. Essentially, this brings the stress level of the cir-

cumferential reinforcement in the lower part of conical segment S3 closer to that of 

the circumferential reinforcement at the top of adjacent cylindrical segment S2. In 

other words, it ensures that the stiffness in the circumferential direction of these two 

segments is similar. 

5.2  The Optimization Effect of Scheme B of Increasing Reinforcement on Structural 

Response 

A comparison of Schemes A and B, with the circumferential prestressing re-

maining unchanged, reveals that only the 4 groups of 8 steel bars at the bottom in-

crease from C12 to C16. Table 4 lists the impact of this change. The increase in the 

cross-sectional area of the reinforcement in segment S3 enhances its stiffness, thereby 

reducing the opening of the vertical joints in both straight cylinder segment S2 and 

conical segment S3, with the maximum values reduced by 10% and 1.6%, respectively. 
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Owing to the increase in the circumferential stiffness, the tensile stress of the rein-

forcement in conical segment S3 also decreases. 

Table 4  Structural responses before and after increasing the reinforcement at the bottom of 

the conical segment 

Scheme Number Scheme A Scheme B Rate of change 

Segment S2 maximum vertical 

joint opening value (mm) 
0.92 0.827 -10.1% 

Segment S2 maximum concrete 

tensile stress (MPa) 
2.83 2.81 -0.5% 

Segment S2 maximum reinforce-

ment tensile stress (MPa) 
54.10 53.94 -0.3% 

Segment S3 maximum vertical 

joint opening value (mm) 
0.64 0.63 -1.6% 

Segment S3 maximum concrete 

tensile stress (MPa) 
2.995 3.053 1.9% 

Segment S3 maximum reinforce-

ment tensile stress (MPa) 
120.70 108.1 -10.4% 

Segment S3 maximum prestressed 

steel strand tensile stress (MPa) 
944.30 944.2 0.0% 

 

5.3  The Optimization Effect of Scheme C and Scheme D of Increasing Prestressed Load on 

Structural Response 

Comparing Scheme B and Scheme C, the steel strand specification increases 

from 𝜙𝑠15.2 to 𝜙𝑠17.8, with the corresponding cross-sectional area increases from 

140 mm² to 191 mm². Since the prestressing value remains unchanged, it is equivalent 

to an increase in the effective tension force of 37.9%. 

Comparing Scheme B and Scheme D, with the other conditions remaining un-

changed, the prestressing is increased from 837 MPa in the initial design to 930 MPa, 

which is equivalent to an increase in the effective tension force of 11.1%. Both 

schemes increase the tension force, and the increase ratio of Scheme C is greater. Ta-

ble 5 lists the impacts of the changes in the two schemes. 

Table 5  Structural responses before and after increasing the prestressing tension at the bot-

tom of the conical segment 

Scheme Number 
Scheme 

B 

Scheme 

C 

Rate of 

change 

Scheme 

D 

Rate of 

change 

Segment S2 maximum vertical 

joint opening value (mm) 
0.827 0.714 -13.6% 0.792 -4.22% 

Segment S2 maximum concrete 

tensile stress (MPa) 
2.81 3.26 15.9% 2.85 1.42% 

Segment S2 maximum reinforce-

ment tensile stress (MPa) 
53.94 45.08 -16.4% 48.91 -9.33% 

Segment S3 maximum vertical 

joint opening value (mm) 
0.63 0.45 -28.3% 0.52 -1.59% 

Segment S3 maximum concrete 

tensile stress (MPa) 
3.053 2.95 -3.3% 2.951 -3.34% 

Segment S3 maximum reinforce-

ment tensile stress (MPa) 
108.1 67.63 -37.4% 74.26 -31.30% 

Segment S3 maximum prestressed 

steel strand tensile stress (MPa) 
944.2 896.60 -5.0% 998.2 5.72% 
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The impacts of the two schemes are basically the same; that is, they reduce the 

tensile stress of the reinforcement and the opening value of the vertical joint in seg-

ments S2 and S3. Owing to the large increase, the effect of Scheme C is more signifi-

cant. However, these two schemes also lead to an increase in the tensile stress of the 

concrete in segment S2. 

5.4  Structural Response of the Optimal Scheme C under Ultimate Load 

Table 6 shows the responses of segments S2 and S3 of the tower designed ac-

cording to Scheme C under the ultimate load. Owing to the limitation of computing 

resources, the vertical joints are not considered in the finite element calculation and 

analysis under the ultimate load; that is, it is assumed that segments S2 and S3 are 

both full-ring structures. Overall, the horizontal joint between the two segments will 

open under the ultimate load, with a maximum value of 4.49 mm (Figure 15). Com-

pared with the operational load conditions of this scheme, the stresses, and defor-

mations of all the components of the tower wall are significantly greater under the 

service load conditions. However, since the important structural features of the ver-

tical joint model are disregarded in this calculation, the results may be biased and 

should be further explored. 

Table 6  Structural response of Scheme C under the ultimate load 

Scheme Number Scheme C 

Segments S2 and S3 maximum horizontal joint opening value (mm) 4.49 

Segment S2 maximum concrete tensile stress (MPa) 3.86 

Segment S2 maximum reinforcement tensile stress (MPa) 126.2 

Segment S3 maximum concrete tensile stress (MPa) 3.076 

Segment S3 maximum reinforcement tensile stress (MPa) 155.5 

Segment S3 maximum prestressed steel strand tensile stress (MPa) 983.2 

 

 
 

a) Simulation value b) Theoretical calculated value 

Figure 15  Deformation of the segments S2 and S3 under the ultimate load conditions 

6  Conclusion 

In this paper, the application of circumferential prestressing technology in pre-

cast concrete wind turbine tower structures are studied through simplified calcula-

tions and finite element simulations. The research results show that appropriately 

adjusting the circumferential reinforcement ratio or the level of prestressing tension 

force at the bottom of the tower conical segment with circumferential prestressing 

can significantly optimize the performance of the structure under the applied turbine 

loads. In actual design, the above adjustment is equivalent to changing the circum-

ferential structural stiffness of the adjacent tower segments, which can achieve the 

optimal configuration of the structure. 
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