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Abstract: Due to the lack of a quantitative basis for the inspection, evaluation, and identification of existing transmission tower foundations, a new fuzzy comprehensive evaluation method is proposed to assess the reliability of transmission tower foundation bearing capacity. This method is based on the reliability analysis of the transmission tower foundation bearing capacity by analyzing the sensitivity of degradation of detection indexes on the reliability of transmission tower foundation bearing capacity, the weighting coefficient matrix is established about the influencing factors in the evaluation model. Through the correlation analysis between the bearing capacity degradation of the transmission tower foundation and its corresponding reliability degradation, the reliability evaluation grading standard for transmission tower foundation bearing capacity is established. The proposed fuzzy comprehensive evaluation method is used to evaluate the reliability of a 500 kV transmission tower foundation bearing capacity and to verify the rationality of the new evaluation method. The research results can provide a foundational framework for the detection and evaluation of transmission tower foundations and can serve as a reference for the development of structural reliability evaluation methods.
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1  Introduction

As a widely used and important engineering, transmission lines are one of the lifelines of national economic construction and development [1,2], the safe operation ability of transmission lines has always been a matter of high concern for all sectors of society [3]. In the process of using transmission tower foundations, the influence of environmental factors can often lead to issues [4] such as concrete carbonation and cracking [5–7], damage to the steel bar section area [8], as well as other material deterioration phenomena. These problems result in a decrease in the foundation’s load-bearing capacity and have a significant impact on the structural safety of the tower. Therefore, it is imperative to address the topic of promptly assessing the extent of load-bearing capacity reduction in the tower foundation using common inspection elements and evaluating foundation reliability.

In the field of engineering applications, the inspection and assessment of the existing transmission tower foundation primarily reference the Chinese standard GB50144-2019 [9]. However, the relevant provisions within this standard are rather broad and lack a quantitative rating basis for transmission tower foundations. As a result, subjective and experiential judgment is the main approach for the detection and assessment of transmission tower foundations by most relevant institutions in China. In the field of research, in 2010, Xia et al. [10] introduced a tower structure safety state evaluation method based on the Analytic Hierarchy Process (AHP), which established a comprehensive evaluation system for transmission tower structures. Skrzypczak et al. [11] first demonstrated a concrete foundation reliability assessment method based on failure probability analysis in 2017. In 2018, Yang et al. [12] publicly demonstrated a “transmission tower foundation safety assessment system” based on the fuzzy comprehensive evaluation method. In 2020, Ma et al. [13] made an initial attempt to construct a safety evaluation model for transmission tower foundations by combining the fuzzy comprehensive evaluation method with the analytic hierarchy process. This innovative approach serves as a valuable reference for assessing the reliability of transmission tower foundations. In 2019, Szafran et al. [14] evaluated the stochastic time-independent reliability of steel lattice tower and presented a reliability estimation procedure for steel lattice telecommunication towers based on tensioned joint reliability. In 2023, Zhu et al. [15] conducted a comparative study on the operational modal analysis (OMA) of two typical ultra-high-voltage transmission towers under environmental test conditions using the fast Bayesian FFT method, providing a reference for wind resistance design and structural health monitoring of ultra-high voltage transmission towers. Zhao et al. [16] proposed a coherent clustering enhanced semi-automatic Bayesian modal identification method. This method can be utilized for modal updating and dynamic reliability assessment of ultra-high voltage transmission towers. It is evident that research in the field of safety assessment for transmission projects predominantly centers on the upper tower, whereas comprehensive safety assessment of transmission tower foundations receives comparatively less attention. The existing fuzzy reliability evaluation system for foundation structures has its limitations. The influence weighting coefficients of relevant indexes primarily rely on expert experience, lacking an objective basis. The quantitative relationship between inspection results and the reliability of the foundation’s load-bearing capacity is not substantial and does not align with the reliability-based inspection and evaluation method of the upper tower.

This article adopts the concept of correlating parameter degradation with the reliability degradation of load-bearing capacity in the upper tower structure [17]. Extending from the reliability index of transmission tower foundation load-bearing capacity, a fuzzy comprehensive evaluation method is developed for assessing the reliability of transmission tower foundation load-bearing capacity. This innovative method is constructed based on commonly employed detection indexes. It facilitates a rapid determination of the extent to which the reliability of the transmission tower foundation’s load-bearing capacity has diminished. Additionally, it offers valuable insights for both research and practical applications in the realm of foundation reliability assessment.

2  Reliability Evaluation Model of Transmission Tower Foundation Bearing Capacity

2.1 Rating Classification

Referring to the previous fuzzy evaluation methods for structural reliability [18–20], it is preliminarily suggested that the evaluation of the foundation’s bearing capacity reliability be divided into four levels: Class A, Class B, Class C, and Class D. These levels are determined based on whether the foundation structure components meet the required reliability criteria and are represented by the state variable V within the state space I = {I1, I2, I3}. The classification is described as follows:

1.    Class A foundation: 1 ≥ V > I1, the foundation’s bearing capacity and its ability to support the upper tower meet the design specifications, requiring only routine maintenance;

2.    Class B foundation: I1 ≥ V > I2, the foundation’s bearing capacity is 0%~10% lower than the design specifications, necessitating minor repair and maintenance;

3.    Class C foundation: I2 ≥ V > I3, the foundation’s bearing capacity is 10%~17% lower than the design specification, the ability of the foundation to support the upper tower is problematic and needs medium repair;

4.    Class D foundation: V ≤ I3, the foundation’s bearing capacity is diminished by more than 17% compared to the design specifications. In this case, a comprehensive inspection is required to determine the need for a major overhaul. Special measures for reinforcement and repair must be undertaken.

2.2 Fuzzy Evaluation Factor Set for Reliability Degradation of Foundation Bearing Capacity

2.2.1 First-Level Evaluation Model

Based on the reliability rating of the foundation’s bearing capacity, different potential bearing capacity limit states corresponding to each foundation type are established as the first-level evaluation model, denoted as U1. Taking the excavation foundation as an example, it can be divided into the tensile bearing capacity of normal section R1, the uplift bearing capacity R2, the shear-bearing capacity of diagonal section R3, and the compressive bearing capacity R4 of the main column of reinforced concrete foundation, that is U1 = {R1, R2, R3, R4}.

The weighting coefficients for each limit state within the first-level evaluation model U1 should be determined based on the severity of the consequences caused by the components or systems in the first-level evaluation model U1 reaching or exceeding the respective bearing capacity limit state. Two methods are proposed: ① Determine the weighting coefficient of the target reliability index based on the relative magnitude of the target reliability index under various bearing capacity limit states. In this approach, the weight corresponding to the larger target reliability index should also be larger. This method needs to calibrate and calculate the reliability of a large number of similar foundation engineering projects in different limit states. ② Considering that as any limit state of carrying capacity is exceeded, it will have an adverse impact on the basic security [21], so the minimum index value of the first-level evaluation model U1 can be adopted as the value of the state variable V. This method is both conservative and straightforward. In this study, the second method is employed.

2.2.2 Second-Level Evaluation Model

According to the factors influencing bearing capacity, the fuzzy evaluation factor set of the second-level evaluation model U2 is established. The reliability evaluation of the foundation bearing capacity considers the conventional detection indexes, including foundation size, concrete strength grade, concrete carbonation depth, thickness of protective layer, crack width, and foundation burial depth. These indexes together constitute the fuzzy foundation evaluation factor set for second-level evaluation model U2, denoted as U2 = {foundation size, concrete strength grade, concrete carbonation depth, thickness of protective layer, crack width, foundation burial depth}.

Combined with each factor of the second-level evaluation model U2, the influence weight of the corresponding limit state to determine the factor weighting coefficient of second-level evaluation model U2, and the weighting coefficient matrix is determined as:


A=(wij)4n=(w11w12...w1i...w1nw21w22...w2i...w2nw31w32...w3i...w3nw41w42...w4i...w4n)
(1)

where, ‘wij’ represents the influence weighting coefficient of the jth detection parameter on the reliability of its bearing capacity limit state under the ith limit state system. For example, in the case of an excavation foundation ‘w21’ represents the influence weight of foundation size degradation on the reliability of uplift bearing capacity. Traditionally, the value of the weighting coefficient was primarily determined by aggregating insights from a large number of experts, which could introduce errors due to differences in understanding and experience. In response to this issue, this study proposed an alternative approach: determining the relevant weights by analyzing the sensitivity of degradation in different detection indexes to the degradation degree of reliability in their corresponding bearing capacity limit state. The specific methodology is explained in Chapter 3.

2.2.3 Fuzzy Evaluation Score

Once the fuzzy evaluation set, fuzzy evaluation factor set, and fuzzy evaluation factor weight set, the fuzzy evaluation score can be obtained by constructing a judgment matrix. The judgment vector of the index layer is as follows:


R=[r1,r2,r3,...rn]T
(2)

where, R represents the judgment matrix of the corresponding foundation; rj is the evaluation result provided for the jth second-level evaluation index. To objectively represent the degradation of detection indexes directly related to the foundation bearing capacity, such as foundation size and concrete strength grade, it is recommended to describe the loss ratio of detection results. For example, in the case of foundation column size, if the original design size is 500mm and the detection size is 480 mm, the corresponding r1 can be calculated as r1 = 480/500. For the detection indexes not directly related to the bearing capacity of the tower foundation, such as the thickness of the protective layer, the carbonation depth of concrete, and the crack width, etc., it is necessary to combine the weighting coefficient value method of the second-level evaluation model U2 to determine them specifically. The detailed determination process is provided in Chapter 4.

The reliability distribution vector for fuzzy evaluation of foundation defect condition is represented as follows:


B=AR=[b1 , b2 ,.., bi ,..,bn]T
(3)

Using the reliability distribution vector for different bearing capacity limit states in the foundation, the minimum value is selected as the fuzzy evaluation result for the state variable V:


V=min(B)
(4)

where, V represents the state variable and serves as the final score in the fuzzy evaluation of the foundation defect condition; By comparing the value of V with the state space I, it is possible to ascertain the security level to which the foundation belongs. The specific determination of state space I is detailed in Chapter 5 of this paper.

3  Sensitivity Analysis of Detection Index Influence on Foundation Bearing Capacity Reliability

3.1 Analysis Idea

In order to determine the weighting coefficient of foundation size, concrete strength grade, foundation buried depth, and other detection indexes to the corresponding limit state, the analysis approach is as follows:

1.    Establish the reliability limit state model in the corresponding limit state;

2.    Analyze how the reliability of the foundation’s bearing capacity limit state degrades when a specific detection index deteriorates;

3.    By calculating the gradient of the reliability degradation function, the trend of reliability variation with the degradation of detection indexes can be obtained, and the sensitivity coefficient of the corresponding detection variables on the reliability of the foundation bearing capacity is determined;

4.    Based on the sensitivity coefficient of different detection indexes on the reliability of foundation bearing capacity, the weighting coefficient of factors is summarized.

3.2 Analysis Condition

Taking the excavated foundation as an example, the sensitivity analysis process about the influence of the detection index on the reliability of foundation bearing capacity is explained as follows:

1.    The initial design parameters for the excavated foundation have been established. The main column section of the foundation is circular with a diameter of 1000 mm. The bottom section of the foundation is 2000 mm in diameter, 1000 mm in height, and 500 mm in height of the bottom plate, as illustrated in Fig. 1. The concrete strength grade is C30 (compressive strength design value fc = 14.3 N/mm2, tensile strength design value ft = 1.43 N/mm2). The column stirrup adopts HPB300 steel bars (yield strength design value of stirrups fyv = 270 N/mm2) with a diameter of 10mm and spacing of 120 mm. The column longitudinal rebar adopts 8 HRB335 steel bars (yield strength design value fy = 300 N/mm2) with a diameter of 25 mm. In reliability analysis, the load effect ratio is usually more sensitive to the reliability of structural bearing capacity than other factors, such as component size and material performance. Given that variable load on the transmission tower foundation primarily originates from wind load [22,23], the load effect ratio in this paper is the ratio of wind load to permanent load, and it is assumed to be 0, 0.1, 0.5, 1.0, and 2.0. The choice of these specific ratios aims to provide a comprehensive evaluation of the tower foundation’s behavior under varying wind load conditions.

2.    Determining the statistical distribution of relevant parameters. According to relevant literature [24–26], the relevant statistical parameters in reliability calculation are shown in Table 1.
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Figure 1: The basic form and reinforcement diagram of excavation foundation
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3.3 Analysis of Degradation Law of Reliability with Detection Index

Based on the specified design parameters, the bearing capacity of the transmission tower foundation is calculated by employing the corresponding limit state equation. For the excavated foundation, there is the tensile bearing capacity of the normal section, the uplift bearing capacity, the shear-bearing capacity of the diagonal section, and the compressive bearing capacity of the main column of the reinforced concrete foundation. The expression of the bearing capacity limit state can be referenced from the Chinese standard DL/T 5219-2014 [27]. The approach to reliability calculation and analysis is depicted in Fig. 2.
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Figure 2: Flow chart of reliability calculation of transmission tower foundation

Taking the bearing capacity of the normal section of the excavated foundation as an example:

① Determine the limit state equation for the bearing capacity of the normal section of the excavated foundation:


TE=Asfy/[1.1∗(1+2.0e0rg)]
(5)

② Construct the functional function Z:


Z=TE−S
(6)

③ Use the first-order second-moment method (FOSM) to calculate the reliability index:


β=μZσZ
(7)

④ Implement reliability index degradation for a single-parameter decay using MATLAB programming.

In formulas (5)–(7), TE represents the design value of the uplift bearing capacity on the foundation, As denotes the sectional area of all longitudinal reinforcement in the normal section, fy is the design value of the tensile strength of reinforcement, e0 stands for eccentricity, and rg is the distance from the section center to the longitudinal section reinforcement. S denotes the load effect. β signifies the reliability index, μz is the mean value of the functional function Z, and σz represents the standard deviation of the functional function Z.

Based on this, the impact of degradation of various detection indexes on different bearing capacity reliability indexes can be obtained. As an illustration, Fig. 3 shows the influence of variations in rebar section area on the calculated results of reliability degradation for the bearing capacity of the normal section. Fig. 4 shows the influence of degradation in various detection indexes on the calculated results of reliability degradation for uplift bearing capacity. Fig. 5 shows the influence of degradation in different detection indexes on the calculated results of reliability degradation for shear bearing capacity of the inclined section. Fig. 6 shows the influence of degradation in different detection indexes on the calculated results of reliability degradation for compressive bearing capacity. The horizontal axis on these figures represents the ratio of the relevant detection indexes after degradation to those before degradation, and its value ranges from 0 to 1.0. The vertical axis represents the ratio of reliability of each bearing capacity after degradation to that before degradation, and its value also ranges from 0 to 1.0. To ensure an objective and fair comparison, when the influence of degradation in one detection index on the reliability index is analyzed, the other indexes maintain the initial design parameters mentioned earlier.

1.    In the above figures, βd represents the reliability index degradation ratio; ρr represents the rebar area degradation; ρd represents the dimensional degradation ratio; ρf represents the foundation depth deterioration; ρd represents the concrete strength deterioration ratio.

2.    As the tensile bearing capacity of the normal section is primarily influenced by the tensile steel bars, and other relevant detection indexes have no direct impact on the bearing capacity limit state, a weighting coefficient of 1 is assigned to the rebar area’s influence on the reliability of the tensile bearing capacity of the normal section.

3.    It can be seen that the reliability index of the bearing capacity of the foundation main column is degraded with the degradation of relevant detection indexes. The ratio of reliability degradation generally follows a linear pattern with the degradation of the detection indexes. Therefore, a relatively stable slope value is discernible, indicating that it is both feasible and rational to employ the changing slope to represent the influence of relevant indexes on the weighting coefficient of reliability degradation.

4.    During the degradation process of the same detection index, as the load effect ratio increases, the corresponding degradation slope of the reliable index gradually decreases. However, this slope changes within a limited range. Given that the primary goal of this study is to ascertain the sensitivity of different detection indexes degradation to the degradation of the reliability index, the slope of the reliability degradation curve corresponding to the load effect ratio of 1.0 is selected as the basis for determining the weighting coefficient.
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Figure 3: The influence of the degradation of rebar section area on the bearing capacity of the normal section
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Figure 4: The influence of degradation of different detection indexes on the reliability of uplift bearing capacity
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Figure 5: The influence of degradation of different detection indexes on the reliability of shear bearing capacity of inclined section
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Figure 6: The influence of degradation of different detection indexes on the reliability of compressive bearing capacity

4  Research on Weighting Coefficient of Secondary Evaluation Model

4.1 Excavated Foundation

In Figs. 4a and 4b, the slope of the curves is 0.219 and 11.675, respectively, when the corresponding load effect ratio is 1.0. Similarly, in Figs. 5a–5c, the slope of the curves is 2.4, 0.85, and 0.43, respectively, when the corresponding load effect ratio is 1.0. In Figs. 6a and 6b, the slope of the curves is 8.817 and 1.83, respectively, when the corresponding load effect ratio is 1.0. Based on these results, it can be concluded that the influence weighting coefficients of foundation size and foundation depth on the reliability of uplift bearing capacity are 0.219/(0.219 + 11.675) = 0.02 and 11.675/(0.219 + 11.675) = 0.98. The influence weighting coefficients of foundation size, concrete strength grade, and rebar section area degradation on the reliability of shear bearing capacity of the inclined section are 2.4/(2.4 + 0.85 + 0.43) = 0.65, 0.85/(2.4 + 0.85 + 0.43) = 0.23 and 0.43/(2.4 + 0.85 + 0.43) = 0.12. The influence weighting coefficients of foundation size and foundation depth on the reliability of compressive bearing capacity are 8.817/(8.817 + 1.83) = 0.83 and 1.83/(8.817 + 1.83) = 0.17.

It should be noted that non-destructive testing is commonly carried out for reinforced concrete foundation [28,29], which makes it hard to directly detect damage to the steel bar section area. In such case, it becomes necessary to consider the influence of detection indexes on steel corrosion, including factors such as concrete protective layer thickness, concrete carbonation depth, and crack width. This approach helps to reflect the impact of these variables on the reliability of foundation bearing capacity. Current research indicates that the corrosion depth of rebar is related to the thickness of the protective layer, crack width, and other factors [30]. The following is an expression to describe the corrosion depth δ of rebar.


δ=0.3688fcu−0.2990.9291c0.9993d1.0022s4.207w
(8)

where, fcu represents the compressive strength of the concrete cube (N/mm2), and c represents the thickness of the protective layer (mm); d represents the rebar diameter (mm), s represents the stirrup spacing (mm); w represents the crack width (mm).

According to [31], the formula of steel corrosion depth and steel section area damage can be further provided as follows:


ΔAs=π/4(2αδd−α2δ2)
(9)

where, α represents the uneven corrosion coefficient, which has an average of 1.5. The meaning of other symbols is the same as formula (8).

The purpose of this study is to explore the influence of protective layer thickness and crack width on the damage to the steel bar section area. Five common concrete strength grades C25, C30, C35, C40, C45 are considered. The rebar diameter is set as 10 mm, and the rebar spacing is 120 mm. The relationship between crack width, thickness of protective layer, and damage to steel bar section area is shown in Fig. 7.
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Figure 7: Influence of different detection indicators on the damage area of steel bars

To sum up, it can be observed that the slope of the curve, representing the relationship between crack width or protective layer thickness and the variation in rebar section area damage, varies with different concrete strength grades, varies with different concrete strength grades. This implies that the change in the concrete strength grade does not have a significant impact on the slope of the curve. According to this, the slope of crack width-rebar section area damage curve and protective layer thickness-reinforced section area damage curve corresponding to specific concrete strength grade can be selected for comparison. This can serve as the weight basis for evaluating the influence of these two factors on the damage to the rebar section area.

The crack width-rebar section area damage curve and protective layer thickness-rebar section area damage curve of the C35 concrete strength grade are selected for comparative study. To ensure fairness, the indexes representing the thickness of the protective layer and crack width are normalized. For the thickness of the protective layer, the ratio between the measured thickness of the protective layer and the maximum thickness of the protective layer (The reference [30] is taken as 30 mm) is used to represent the changes. When the thickness of the protective layer is 30 mm, the corresponding index is 1.0, and when the thickness of the protective layer is 0, the corresponding index is 0; For crack width, it is represented as 1 minus the ratio of the measured crack width to the maximum crack width. For corrosion cracks, according to the actual measurement in reference [30], the maximum width of the detected longitudinal corrosion expansion crack along the rebar is 1.2 mm. Therefore, when the actual crack width is 0, the corresponding index is 1, and when the crack width reaches or exceeds 1.2 mm, the corresponding index is 0.

Therefore, relationship curves between crack width and damage of the rebar section area, as well as protective layer thickness and damage of the rebar section area, are established in the same coordinate system, as shown in Fig. 8. In the figure, yr represents the damage area of rebar, nt represents the normalized detection index of protective layer thickness, and nc represents the normalized detection index of crack width.
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Figure 8: Influence of normalized detection index on damage area of steel bar section

According to Fig. 8, the protective layer thickness exhibits higher sensitivity to the damage of the rebar section area compared to crack width. Considering the carbonation depth of concrete is intertwined with the influence of protective layer thickness on rebar corrosion. Specifically, the effective thickness of the protective layer decreases as the carbonation depth of concrete increases, which, in turn, raises the likelihood of rebar corrosion. Therefore, the carbonation depth and the thickness of the protective layer are combined into a single index within the judgment vector, with the value calculated as (measured value of protective layer thickness-concrete carbonation depth) divided by the design value of protective layer thickness. When the carbonation depth of concrete equals the thickness of the protective layer, it indicates a failure of the protective layer, and the corresponding index in the judgment vector is assigned a value of 0.

The crack width detection index is considered an independent index within the judgment vector, and its value is calculated as 1 minus the ratio of the measured crack width to the maximum crack width. It should be noted that this study focuses on the impact of longitudinal cracks along the rebar as a detection index on the reliability of foundation bearing capacity. In fact, the shape and depth of cracks in concrete structures can also affect the structural durability, and then affect the long-term development of its bearing capacity [32]. Therefore, future research should explore the influence of different types of cracks on the reliability of foundation bearing capacity to improve the existing detection and evaluation system.

In summary, the influence weight of protective layer thickness (concrete carbonation depth) and crack width on the reliability of the tensile bearing capacity of the normal section can be determined as: 1.0 × 6.15/[(6.15 + 3.47)] = 0.64, 1.0 × 3.47/[(6.15 + 3.47)] = 0.36, the influence weight of the thickness of protective layer (concrete carbonation depth) and crack width on the reliability of shear bearing capacity of inclined section can be determined as: 0.12 × 6.15/[(6.15 + 3.47)] = 0.08, 0.12 × 3.47/[(6.15+3.47)] = 0.04.

Based on this, the weighting coefficients for the factors of the second-level evaluation model (U2) of the excavation foundation can be obtained, as shown in Table 2.
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The factor weighting coefficient matrix of the second-level evaluation model (U2) of the excavated foundation can be obtained:


A1=(000.660.3400.010000.990.650.230.080.0400.830000.17)
(10)

In the formula, the coefficient is 0, indicating that the relevant detection indexes have no direct influence on the bearing capacity limit state.

4.2 Other Foundations

By using this method, the factor weighting coefficient matrix of the second-level evaluation model (U2) for the stepped foundation and the large plate foundation can also be derived.

The stepped foundation:


A2=(0.590.41000100000.30000.7100000.6680000.332)
(11)

The first-level evaluation model (U1) includes five items: The tensile capacity of the main column of the reinforced concrete foundation, the flexural capacity of the normal section of the reinforced concrete foundation floor, the uplift capacity, the anti-overturning stability capacity, and the compressive capacity.

The large plate foundation:


A3=(000.660.3301.000000.30000.71.000000.480.420.070.0301.00000)
(12)

The first-level evaluation model (U1) includes six items: The tensile capacity of the main column of the reinforced concrete foundation, the flexural capacity of the normal section of the reinforced concrete foundation floor, the uplift capacity, the anti-overturning stability capacity, shear bearing capacity of the oblique section of the main column of reinforced concrete foundation and the compressive capacity.

5  Reliability Evaluation Grade of Foundation Bearing Capacity

Based on the determination of state space I and relevant literature, this section introduces the concepts of target reliability and allowable failure as the basis for determining relevant parameters I1, I2, and I3 in state space I.

As a foundation component, the corresponding component type should be an important component. The bearing capacity of important components in concrete structures is stipulated in the Chinese standard GB50144-2019 [9], as shown in Table 3.

[image: images]

To maintain consistency with the reliability evaluation of the upper structure, the evaluation standard presented in Table 3 is used as the primary basis for determining the range of reliability evaluation grade of the foundation bearing capacity. It is important to note that V objectively reflects the degree of degradation in the reliability of foundation bearing capacity, When V equals 1.0, it signifies that the reliability of the foundation bearing capacity does not decline. When V is at 0.9, the reliability of foundation bearing capacity can be approximately considered to have reduced to 90% of the original. Accordingly, the state space I can be correlated with the degradation level of the reliability index of foundation bearing capacity. Referring to Table 3, when the design value of the foundation bearing capacity decreases by 17%, the relative ratio between the reliability when the bearing capacity of different foundations is reduced to 0.83R and the reliability when the original bearing capacity is 1.0R serves as the basis for determining the value of I3. Similarly, the relative ratio between the reliability when the bearing capacity of different foundations is reduced to 0.9R and the reliability when the original bearing capacity is 1.0R is used as the basis for determining the value of I2. Fig. 9 shows the average value of the relative ratio of reliability for different foundation types. From a conservative perspective, it is suggested to select the relatively larger ratio among the four types of foundations as the boundary for the corresponding grading. Therefore, I2 is selected as 0.91 and I3 is selected as 0.83.

[image: images]

Figure 9: Average value of relative ratio of reliability of different foundation types

To establish the boundary value I1 between Class A foundation and Class B foundation, It is important to note that the limit state design method with a certain safety margin is commonly applied for designing engineering structures, including foundations, in China. This approach dictates that during the initial design and construction phases, the minimum target reliability index for the relevant bearing capacity reliability must be met, and additional measures can be taken to further improve the reliability index. Therefore, the value of I1 in the state space I should represent the state where the reliability of the foundation bearing capacity has just degenerated to the corresponding state of the target reliability index, and I1 should be between 0.91 and 1.0. In the absence of further research data, adopting a conservative approach, I1 is set at 0.95.

To sum up, the reliability evaluation grade boundaries of foundation bearing capacity are divided as follows: A(1.0 ≥ V > 0.95), B(0.95 ≥ V > 0.91), C(0.91 ≥ V > 0.83), D(V ≤ 0.83).

6  Example Application

6.1 Detection Parameters

1) Field detection results

Table 4 presents the inspection results of an actual excavated foundation for a 500 kV transmission tower, which includes data regarding the foundation size, concrete strength grade, concrete carbonation depth, and the thickness of the protective layer of foundation rebar. In addition, actual photos of the foundations are shown in Fig. 10.
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Figure 10: The 500 kV transmission tower foundations

2) Judgment vector analysis

Column A and column C, which exhibit relatively unfavorable detection results, have been selected for analysis. The corresponding judgment vector is as follows:

Column A:

① The size is qualified, so r1 = 1 − 0.02 = 0.98;

② The concrete strength grade is 28.1 MPa, and the design concrete strength grade is C30, so r2 = 27.3/30 = 0.91;

③ Take (measured value of protective layer thickness − concrete carbonation depth)/design value of protective layer thickness as the detection index, r3 = (34 − 3)/35 = 0.89;

④ It is determined that there is no longitudinal rust expansion crack and no deviation of foundation buried depth, so r4 = r5 = 1.0;

Therefore, the judgment vector R = [0.9812 0.91 0.886 1.0 1.0]T.

Column C:

① The size is qualified, so r1 = 1 − 0.05 = 0.95;

② The concrete strength grade is 27.4 MPa, r2 = 26.4/30 = 0.88;

③ Take (measured value of protective layer thickness − concrete carbonation depth)/design value of protective layer thickness as the detection index, r3 = (34 − 2.5)/35 = 0.84;

④ It is determined that there is no longitudinal rust expansion crack and no deviation of foundation buried depth, so r4 = r5 = 1.0;

Therefore, the judgment vector R = [0.955 0.88 0.84 1.0 1.0]T.

6.2 Evaluation Result

1) Column A:

Calculate the corresponding judgment index V according to formulas (3) and (10):


B=A1R=(000.640.3600.020000.980.650.230.080.0400.830000.17)(0.980.940.891.01.0)=(0.931.000.960.98)

According to formula (4), V = min (B) = 0.93. This value falls within the range of 0.95 ≥ V > 0.91, indicating that the reliability evaluation result of the foundation is Class B.

2) Column C:

Calculate the corresponding judgment index V according to formulas (3) and (10):


B=A1R=(000.640.3600.020000.980.650.230.080.0400.830000.17)(0.950.880.841.01.0)=(0.901.000.930.96)

According to formula (4), V = min (B) = 0.9. This value falls within the range of 0.91 ≥ V > 0.83, indicating that the reliability evaluation result of the foundation is Class C.

It is important to note that the primary objective of this study is to establish a quantitative evaluation method capable of capturing the reduction in reliability of the tower foundation’s bearing capacity based on the values of detection indexes. This method is developed through a sensitivity analysis between the relevant detection indexes and the bearing reliability of the tower foundation. The impact of soil and other conditions on the corrosion of the foundation has not been specifically addressed in this study. As detection technology continues to improve and detection indexes become more diverse, the proposed method can be further enriched and optimized. It should also be emphasized that this method is not limited to transmission tower foundation alone, the fundamental concept can be applied to the reliability assessment of various building structures. Furthermore, if it becomes possible to effectively predict the degradation trend of the relevant detection indexes over time, the judgment vector of the index layer can be formulated as a function that evolves with time. This approach can further quantitatively assess the future reliability degradation of the structure, thereby providing a more scientific basis for predicting the remaining service life of the structure.

7  Conclusion

Based on the reliability of transmission tower foundation bearing capacity, this study has investigated the application of a fuzzy comprehensive evaluation method to assess the reliability of transmission tower foundation bearing capacity The findings of this research provide a reference for the reliability detection, evaluation, and reinforcement of foundation bearing capacity. Additionally, it serves as a theoretical basis for a unified reliability assessment from the upper tower to the lower foundation. The specific conclusions of this study are as follows:

1.    The sensitivity analysis of common detection indexes, including concrete strength grade, on the reliability of transmission tower foundation bearing capacity, and based on this, the factor weighting coefficient matrix of the second-level evaluation model (U2) for the bearing capacity of transmission tower foundation is established.

2.    The correlation between the bearing capacity degradation of the transmission tower foundation and the corresponding reliability degradation is analyzed, and the reliability evaluation grade of the transmission tower foundation bearing capacity is established.

3.    The comprehensive evaluation method of transmission tower foundation is established, and the reliability of the bearing capacity of a transmission tower foundation in an actual project is rated. This practical application confirmed the validity and rationality of the proposed evaluation method.
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Table 1: Related statistical parameters

Variable Coefficient of Coefficient of  Distribution type Parameter
mean value variation source

Effective height of section (o) 1.000 0.030 Normal distribution  [24]

Section width (b) 1.000 0.020 Normal distribution  [24]

Section height () 1.000 0.020 Normal distribution  [24]

Section area of rebar (4;) 1.000 0.030 Normal distribution  [25]

Stirrup spacing (s) 0.990 0.070 Normal distribution  [25]

Axial tensile strength of 1.585 0.172 Normal distribution  [24]

C30 concrete (f;)

Axial compressive strength of  1.410 0.190 Normal distribution  [24]

C30 concrete (f.)

Tensile strength of 1.140 0.070 Normal distribution  [25]

HRB335 rebar (fyy)

Tensile strength of 1.020 0.080 Normal distribution  [25]

HPB300 rebar (fy)

Dead load (Sg) 1.060 0.070 Normal distribution  [26]

Wind load (Sq) 0.998 0.193 Extreme value I [26]

distribution
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Table 3: Evaluation of bearing capacity class of concrete structural members

Component type Evaluation standard
a b C d
Important component R/(y09) >1.0 <1.0 <0.90 <0.83

>0.90 >0.83
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Table 4: Test results of the foundation size and strength of a tower

Detection Dimension Estimated Measured carbonization Thickness of protective
position inspection results strength/MPa depth/mm layer/mm
Column A Dimension 27.3 3 34
deviation-2%
Column B Qualified 26.5 3.5 34
Column C  Dimension 26.4 3.5 33

deviation-5%
Column D Qualified 32.1 2.5 35
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Table 2: The bearing capacity corresponds to the weighting coefficients of different detection indexes

Index Foundation Concrete Thickness of protective layer =~ Crack  Burial depth of
size strength grade (carbonization depth) width  foundation

Weighting  wy; Wiz W13 Wiy Wis

coefficient

Value 0 0 0.64 0.36 0

Weighting  wy,; W W23 Wy Was

coefficient

Value 0.02 0 0 0 0.98

Weighting  ws; W32 W33 W3g4 W3s

coefficient

Value 0.65 0.23 0.08 0.04 0

Weighting ~ wy, W42 W43 Was Wys

coefficient

Value 0.83 0 0 0 0.17
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