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Abstract. 
For large-span cable structures, a cable clamp is a key joint that connects adjacent structural components. In general, the antisliding performance of cable clamps determines their resistance capacity, and the antisliding force is generated by the clamping force induced by the high-strength bolts and the contact surfaces between the cable and the clamp. Since the existing methods are not sufficiently comprehensive for use to predict the precise bolt preload, a theoretical model developed by considering transversely isotropic material and the generalized Hook’s law is presented to predict the attenuation values of the bolt clamping force and the corresponding parameters. Then, to meet the requirements of Eurocode 3, a new laboratory test is performed to reveal the antisliding mechanism of cable clamps, considering the effects of long-term creep and cable tension. According to the results of the data collected by real-time monitoring, the actual ultimate antisliding force of the clamp and the comprehensive friction coefficient are determined. Finally, a comparative study between the theoretical results and the experimental results is conducted. The proposed theoretical model can predict the actual attenuation of the bolt clamping force after cable tension. The results show that the stiffness of the clamp plate should be minimized when designing the clamp to reduce the loss of the bolt preload.

1. Introduction
In recent years, tensile structures have been widely used in various large-span projects, such as terminal buildings [1], Olympic stadiums [2], and astronomical telescopes [3]. A tensile structure is a type of prestressed structural system that utilizes cables and struts as its main force-bearing members; tensile structures include cable domes, suspended domes, and cable trusses [4, 5].
A cable clamp is a joint connecting adjacent cables and struts and has been adopted in the design of bridges and tensile structures. The function of the cable clamp makes it the key component in force transmission. In general, a nonsliding cable clamp consists of a main body, a steel plate, and several high-strength bolts. The high-strength bolts go through the upper main body and the bottom steel plate via the reserved bolt holes, holding the upper main body and steel plate together with preloads, so that the entire cable clamp has the structure of a compressive sandwich [6]. If the antisliding performance of the cable clamp is insufficient, the clamp will slide along the cable body, which may lead to the prestress loss of the entire structure and major safety hazards. Therefore, the antisliding performance of cable clamps is one of the key points in various stages of design, construction, and service. In actual projects, many engineering problems caused by insufficient antisliding resistance of the clamps may force the projects to be terminated or even rebuilt. For example, owing to their insufficient antisliding resistance at the bottom ends of the struts, the clamps of a beam-string structure, built in Shenzhen, China, slid along the cables, forced the struts to tilt, resulting in the extension of the construction deadline, as shown in Figure 1. Moreover, the tilted shape weakened the supporting capacity of the struts for the upper roof, leading to considerable potential safety hazards.


	
		
	

Figure 1: Cable clamp sliding along the cable of a beam-string structure.


Furthermore, a suspension bridge built in Vietnam, as shown in Figure 2, encountered a similar problem during construction [7]. The clamps of the bridge are composed of two semicircular steel castings and several high-strengthbolts. No slippage occurred during the installation of the cable clamps, but the cable clamp slid as the steel box girder was hoisted, forcing the project to stop until the cable clamp could be reinstalled. After analysis and discussion, it was determined that the insufficient pretightening force of the high-strength bolts and the overlarge drag force of the crane are the main reasons for the slippage of the cable clamp during construction.


	
		
	

Figure 2: Cable clamp of a suspension bridge in Vietnam.


In recent years, the antisliding performance of the cable clamp has been studied by several researchers through experimentation and numerical simulations. To prevent the slippage of these clamps, the requirements of antisliding performance have been included in many codes, such as Eurocode 3 (EN 1993-1-11:2006) [8], Structural Applications of Steel Cables for Buildings [9], and Specifications for Design of Highway Suspension Bridge (JTG/T D65-05-2015) [10]. As stated in Section 6.3.2, Eurocode 3 (EN 1993-1-11:2006) gives the detailed classical formula and the effects of the following parameters to determine the clamping force from preloaded bolts: (a) long-term creep; (b) reduction of diameter if tension is increased; (c) reduction of preload in clamp bolts by external forces. In general, the reduction in the preload of the bolts by external forces can be calculated by the axial forces and corresponding orientations of the structural components. In this case, it is necessary to determine the variation in the long-term creep and the reduction in the diameter after tension when determining the clamping force of the preloaded bolts. However, few studies on these aspects have been performed with comprehensive test methods or recommended parameter values.
The existing laboratory test studies of cable clamps mainly focus on safety verification. Zhao et al. [11] tested the antisliding performance of 4 groups of cable clamps used for the Hongdu Bridge in Nanchang, China, with a friction coefficient of 0.25, which is larger than the value of 0.15 recommended by the Chinese specifications. Zhou et al. [12] found that the friction coefficient between casting steel clamps and cables made of zinc-aluminum alloy coated steel wires is 0.305.
Furthermore, some numerical studies have been performed for comparison with laboratory tests. Luo et al. [13] carried out a full-scale model test of the cable clamp used in a cable dome structure. The static friction coefficient of the clamp was obtained and compared with the results of a finite element model analysis, and the improvement measures of adding stiffeners in the clamp groove to improve the antisliding performance of the clamp were put forward. Castro-Fresno et al. [14] described the design of a new metallic cable-joining clip for slope stabilization nets. The resistance capacity of new clip models with Φ8 mm and Φ10 mm was analyzed numerically and experimentally with ANSYS. The evaluation criteria of the antisliding failure of the clip and the parameter settings in the numerical simulation were proposed. The antisliding performance of semicircular clamps on bridge main cables, made of carbon fiber-reinforced polymer (CFRP), was studied by Zhuge et al. [15]. The coefficient between the CFRP wires and casting steel clamps was stable, while roughening the surface of the cable clamp could improve the antisliding performance of the cable clamp. Chen and Feng [16] conducted the nonlinear antisliding analysis of cable clamps by using ABAQUS, and the finite element model results were compared with the experimental results of the full-scale model. The antisliding capacity of the clamps was nonlinearly improved with increasing friction coefficient and bolt pretightening force.
Existing research has been conducted on the antisliding performance of cable clamps, and most of these papers lack an in-depth study of the tension in the cable, the variation in of the bolt clamping force, and the effect of the long-term creep. However, these aspects are clearly specified in Eurocode 3 (EN 1993-1-11:2006). Although complicated finite element numerical analyses have been carried out, no simple and convenient analytical formula has been proposed to predict the attenuation of the bolt clamping force.
Considering these aspects, this paper presents a modified theoretical model for calculating the attenuation of the bolts due to cable tension; this model is based on the transverse isotropic material theory [17] and generalized Hooke’s law [18] and presented in the cylindrical coordinate system. This theoretical model is more convenient and faster to utilize than finite element analysis. Then, laboratory testing of four cables with different diameters cables is carried out to verify the theoretical model. Moreover, for the testing, a real-time monitoring system is introduced to reveal the antisliding mechanism of the cable clamps.
2. Theoretical Model of the Reduction in Bolt Clamping Force
The equation for calculating the ultimate antisliding force to prevent slipping of a cable clamp is provided in Section 6.4.1 in Eurocode 3 (EN 1993-1-11:2006) and is given bywhere  is the component of the external design load parallel to the cable,  is the component of the external design load perpendicular to the cable,  is the radial clamping force considered that may be reduced,  is the coefficient of friction, and  is the partial factor for friction and recommended to be 1.65.
In equation (1), the external force, , can be obtained by the design information, and the friction coefficient, , can be determined in the test. In this case, the bolt clamping force, , is a key factor that cannot be directly obtained. However,  is a changing parameter, mainly caused by the reduction in cable diameter and the effect of long-term creep, and no recommended values are given in the code.
2.1. Theoretical Model Establishment
The antisliding performance of the cable clamp is a typical solid friction problem. The surface of the cable clamp groove and the surface of the cable body constitute a friction pair. The classical friction law is used to calculate the ultimate antisliding force without considering the reduction in cable diameter. Assuming that the cable clamp groove is in full contact with the cable body, the radial pressure generated by the cable clamp is uniformly distributed along the circumference of the cable. The sum of the clamping force of all the high-strength bolts, , is equivalent to the sum of the pressure stresses acting on the clamp groove and is given in equation (2). Figure 3 shows the antisliding mechanics of a cable clamp.where  is the length of the clamp groove,  is the diameter of the cable cross section, and  is the pressure stress on the clamp groove. Therefore, the ultimate antisliding force  can be obtained by


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
		
		
		
		
	
	
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
		
	
	
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	

Figure 3: Schematic diagram of the antisliding mechanics of a cable clamp.


The relationship between the bolt clamping force, cable tension, cable cross-sectional diameter, and bolt length is shown in Figure 4. As the bolts are preloaded and stabilized, the cable diameter will decrease. Then, the cable is tensioned, and the cable diameter is clearly reduced again. This change will lead to a reduction in the bolt length; thus, the clamping force of the bolts will be reduced. The cable diameter will be increased due to the reduction in the bolt clamping force.


	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	

Figure 4: Relationship of bolt clamping force, cable tension, cable cross-sectional diameter, and bolt length.


First, the cylindrical coordinate system is established, as shown in Figure 5(a), where z is the axial direction of the cable and r and  are the polar coordinates of the section plane of the cable. To determine the influence of the reduction in the cable diameter on the bolt clamping force, the cables were simplified as transversely isotropic materials. Transversely isotropic materials have uniform elastic properties in all directions in a certain plane but different elastic properties perpendicular to this plane, similar to the properties of the fiber-reinforced model shown in Figure 5(b), where  is the axial elastic modulus of the cable,  is the radial elastic modulus,  is the circumferential elastic modulus,  is the radial to axial Poisson’s ratio of the cable,  is the radial to circumferential Poisson’s ratio of the cable,  is the diameter of the cable,  is the clamping force of a single high-strength bolt,  is the groove length of the cable clamp,  is the net length of the high-strength bolt (the length between the upper surface and lower surface of the whole cable clamp),  is the elastic modulus of the high-strength bolts,  is the number of bolts used in the clamp, and  is the cable tension force increment after preloading the bolts. Assuming that the cable clamp is a rigid body, no deformation occurs under the bolt clamping force.
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(b)
Figure 5: Simplified cable model. (a) Cylindrical coordinate system. (b) Fiber-reinforced model.


Typical cables are made of spiraled steel wires, so voids must exist between the wires, as shown in Figure 6. In other words, the sum of the metallic cross-sectional area, , is smaller than the global cross-sectional area of the cable, . In the theoretical model, the cross section of a cable is simplified as a uniform and solid circular cross section, which is equal to , ignoring the voids. To maintain that, the stiffness in the axial direction, , is constant and the equivalent elastic modulus of the cable in the theoretical model, , is introduced in equation (4).  and  are also multiplied by  to reduce the elastic modulus.where , , and  are the equivalent elastic moduli in the three directions, respectively;  is the global cable cross-sectional area ;  is the sum of the metallic cross-sectional area of the wires in the cable; and  is the reduction factor of the elastic modulus .


	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
	

Figure 6: Cross section of a spiral strand.


According to the assumptions above, the pressure on the surface of a cable distributes uniformly, so the following relationship can be obtained:
According to generalized Hooke’s law, the strain of the cable in the three directions of the cylindrical coordinate system can be expressed aswhere , , and  are the strains in the cylindrical coordinate system; , , and  are the corresponding stresses; , , and  are the equivalent elastic moduli in the three directions; and  is the corresponding Poisson’s ratio of the cable.
According to the characteristics of transversely isotropic material, the variation in the stress in the cable cross-sectional plane is uniform and can be expressed aswhere  is the variation in the pressure stress on the clamp groove due to the change in cable tension and  is the variation in a single bolt clamping force caused by the cable tension force increment.
According to equations (6) and (7), the variation in the radial strain of the cable can be obtained as follows:
Because  is the axial stress of the cable and the cable tension force increment is , the diameter of the cable section is , so .
Assuming that the variation in length of a single bolt is  and that the variation in the diameter of the cable section is ,  can be obtained by equation (9) according to the net length of the high-strength bolt, and  is a variable value related to the cable tension force increment .
With the tensioning of the cable, the cable diameter clearly reduces, and the bolt clamping force reduces. Therefore, the variation in the cable diameter, , is related to the cable force increment, , and the variation in the bolt clamping force, . According to the variation in the radial strain of the cable section, , described in equation (8) and the diameter of the cable, ,  can be obtained as follows:
Because the cable clamp and the cable body are closely attached together by high-strength bolts, the deformation coordination condition (equation (11)) should be satisfied:
According to equations (9)–(11), the variation in a single bolt clamping force, , is derived as follows:
Therefore, the sum of the variation in the bolt clamping force should be . In equation (12),  can be obtained aswhere  is the total cross-sectional area of  bolts. Therefore, the sum of the variation in bolt clamping force can be obtained by
When a cable tension force of  is applied to the cable, the sum of the variations in the clamping force of all the high-strength bolts should be , and the sum of the bolt clamping force should be adjusted to the following equation:
The cross section of the cable in Figure 6 shows that a cable is made by twisting several circular steel wires, and the circular steel wires are tangent to each other [19]. Therefore, when the cable is tensioned, tangential deformation between the wires easily occurs, so the radial to circumferential Poisson’s ratio  should be approximately 0.
2.2. Parametric Analysis
To explore the influence of certain parameters on the variation in bolt clamping force, a parametric analysis is performed. First, a group of default properties for a clamp-cable assembly is set, as listed in Table 1.
Table 1: Default properties of the clamp-cable assembly.
	

	Properties of the clamp-cable assembly	Material properties
	

	Cable tension force increment,  (kN)	6000	Poisson’s ratio, 	0.3
	Groove length of the cable clamp,  (mm)	400	Poisson’s ratio, 	0
	Net length of the high-strength bolt,  (mm)	300	Axial elastic modulus of the cable,  (MPa)	160000
	Diameter of the cable,  (mm)	100	Radial elastic modulus of the cable,  (MPa)	206000
	Diameter of the high-strength bolt,  (mm)	20	Circumferential elastic modulus of the cable,  (MPa)	206000
	Number of bolts, 	8	Elastic modulus of the high-strength bolt,  (MPa)	206000
	Total cross-sectional area of the  bolts, 	800	Reduction factor of the elastic modulus, 	0.75
	



Then, one parameter among , , , , and  is changed, while the values of the other parameters remain unchanged. The sum of the variation in the bolt clamping force  is calculated by equation (14), and the results are shown in Figure 7. The sum of the variation in bolt clamping force linearly increases with the cable tension force increment, . The groove length of the cable clamp, , has a small influence on , and  tends to remain constant as  increases.  decreases significantly and nonlinearly with increasing bolt net length, , and cable diameter, , increases significantly and almost linearly with the increase in the total cross-sectional area of all the bolts, .
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(e)
Figure 7: Influence of the parameters on the variation in bolt clamping force for the theoretical model. (a)  vs. curve; (b)  vs. curve; (c)  vs. curve; (d)  vs. curve; (e)  vs. curve.


3. Experimental Study on Cable Clamp
3.1. Test Method
Most existing experimental studies on cable clamps ignore the effect of cable tension; therefore, the actual state of the cables in a real project cannot be reflected. Thus, the acquisition of the test data is inadequate when the clamping force of high-strength bolts is not monitored in real time.
In this paper, testing of the antisliding performance of cable clamp is carried out with specimens at a 1:1 scale. The design of this cable clamp test system is shown in Figure 8. According to the requirements stated in Section 6.3.2 of Eurocode 3 (EN 1993-1-11:2006), the reduction in the cable section diameter after the cable stretched and creeped is taken into account. The cables are installed in the tensioning machine and stretched to the designed tension force of the service state. Then, a real-time data acquisition system measures the clamping force of the high-strength bolts, the sliding displacement of the clamp, and the pushing force on the clamp. The pushing test is performed when the bolt clamping force is stabilized.


	
		
			
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	

Figure 8: Real-time monitoring test system for cable clamps.


The difference of the cable force is derived from the component force generated by the connecting member of the cable clamp in the direction of the cable. In common cases, the cable clamp is generally composed of a main body and clamp plate. The function of the main body is connecting the components (e.g., strut and other cable) to the clamp and bearing structural loads directly. However, the clamp plate does not connect with any component of the structure except the cable. The function of the clamp plate is simply to clamp the cable and balance the friction force. Therefore, the friction force provided by the clamp plate is not affected by external forces in other directions, as shown in Figure 9. In the laboratory test, to simulate the actual situation, the pushing force of the hydraulic jacks is applied to only the main body of the clamp.


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		

Figure 9: The composition of a cable clamp.


The detailed procedure of the antisliding test is listed as follows:(1)Install the cable on the tensioning machine, install the cable clamp specimen and bolt pressure sensors on the corresponding cable, and screw in the high-strength bolts to achieve the designed preload with the tightening sequence shown in Figure 10.(2)Stand up the clamp-cable assembly, and monitor the reduction in the clamping force of the high-strength bolts in real time, until the bolt clamping force is stable, during which time the cable is in a nonstress state.(3)Gradually tension the cable to the designed cable force, and simultaneously observe the reduction in bolt clamping force.(4)Maintain the designed cable force by the tension machine, and simultaneously monitor the bolt clamping force until stable.(5)Place the double parallel hydraulic jacks on both sides of the cable body between the test cable clamp and the reaction frame, and set the pushing force sensors between the jacks and the test clamp.(6)Operate the double parallel hydraulic jacks synchronously, and push the main body of the test clamp incrementally. The load is added to the main body (plate A) of the clamp, following Figure 11. The Jack pushing force, the bolt clamping force, and the sliding displacement of the test cable clamp data are collected in real time.(7)Stop pushing the clamp when the slippage of the cable clamp begins to rapidly increase.(8)Process the test data, determine the ultimate antisliding force of the cable clamp by drawing the force-slippage curve, and calculate the friction coefficient between the cable body and the clamp based on the final clamping force of the bolts obtained from the pressure sensors.


	
		
	
	
	
		
	
		
	
	
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	

Figure 10: Tightening sequence of the high-strength bolts.
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(h)
Figure 11: Test specimens of cable clamp. Top view of the (a) Φ100 cable clamp, (c) D116 cable clamp, (e) Φ127 cable clamp, and (g) Φ140 cable clamp. Cross-sectional view of the (b) Φ100 cable clamp, (d) Φ116 cable clamp, (f) Φ127 cable clamp, and (h) Φ140 cable clamp.


3.2. Specimen Design
In this paper, the specimens are the cable clamps used for the Zhengzhou Olympic Sports Center in China, a large stadium that can accommodate more than 60,000 people. The prestressed cable system is a cable-supported grid with a span of 311.6 m. Galfan cables with four different diameters that meet the requirements of GB/T 20492-2006 [20] are used in this project. The casting steel cable clamp, as shown in Figure 11, is manufactured according to JGJ/T 395-2017 [21]. The material grade of the cable clamp is G20Mn5QT. The ends of the clamp groove are rounded to a radius greater than 20 mm, and the grooves are cut by fine machining to meet the accuracy requirement. The groove surfaces, which are in contact with the cable body, are treated by applying a zinc coating with a thickness of 1 mm using thermal spray technology to protect the cable body and to meet the requirements stated in Section 4.5 of Eurocode 3 (EN 1993-1-11:2006). The bolts are friction type 8.8s grade M27 high-strength bolts with a large hexagon head and meet the requirements of GB/T 1231-2006 [22]. The details of the specimens are listed in Tables 2 and 3.
Table 2: Number and materials of the specimens.
	

	Cable	High-strength bolt	Clamp
	Diameter	Material	Quantity	Material	Quantity	Material	Quantity
	

	Φ100	Zinc-5% aluminum-mixed rare earth alloy coated tension cable	1	M27-8.8s	4	G20Mn5QT Casting	2
	Φ116	1	8	2
	Φ127	1	8	2
	Φ140	1	8	2
	



Table 3: Specification of specimens.
	

	Specimen	Bolt diameter  (mm)	Number of bolts ()	Net length of the bolt  (mm)	Length of clamp along the cable  (mm)	Cable cross-sectional diameter  (mm)	Metallic cross-sectional area  (mm2)	Cable tension force  (kN)
	

	Φ100-1	27	4	276	417	100	5894	4240
	Φ100-2
	Φ116-1	8	245	400	116	7929	4277
	Φ116-2
	Φ127-1	8	362	593	127	9519	6756
	Φ127-2
	Φ140-1	8	245	400	140	11467	6511
	Φ140-2
	



The laboratory testing system of the clamp-cable assembly is shown in Figure 12. Two cable clamps were installed on the same cable, which was unused before testing. As the bolts are M27-8.8s, the bolts should be screwed to 232 kN (i.e., the preload) by electric torque wrench. Each bolt has a pressure sensor attached to it. Then, the system will be monitored in the standing state until the attenuation of the bolt clamping force becomes stable. The cables are tensioned to the design loads in 10 steps to observe the change in the bolt clamping force. Next, the clamp is pushed parallel to the cable until it slips. Throughout this process, the bolt clamping force, the pushing force on the clamp, and the sliding displacement of the clamp are monitored in real time and by the same system.


	
		
	
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
	
	
		
	
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
	
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
	
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
	
	
	
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
	
	
	
	
	
		
		
		
		
		
		
		
		
		
		
		
		
	
	
	
	
	
		
		
		
		
		
		
		
		
		
		
		
		
	
	
	
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
	
	
	

Figure 12: The testing system of the clamp-cable assembly.


3.3. Test Results and Discussion
3.3.1. Failure Modes of the Clamp-Cable Assemblies
The cable was unloaded, the cable clamp was opened, and the changes in the cable and the clamp after the antisliding failure of the cable clamps occurs were observe. Obvious scratches are apparent on the surface of the cable body. The surface of the wire was extruded and ground, and the Galfan coating peeled off from the wire; part of the zinc thermal spray coating fell off from the clamp groove, while other debris remained between the twisted wire strands, as shown in Figure 13.
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(b)
Figure 13: Clamping surfaces of the Galfan-coated cables before and after the test. (a) Before the test; (b) after the test.


Because the cable clamp groove is treated with a zinc thermal spray coating with a thickness of 1 mm, the zinc coating is much softer than the steel wire, and the wire strand leaves helical indentations on the clamp groove, as shown in Figures 14(c), 14(d), 14(g), and 14(h). The zinc thermal spray coating not only increases the contact area between the wire strand and the clamp groove but also protects the wire body. However, part of the zinc thermal spray coating of the specimens Φ127-1 and Φ127-2 peeled from the clamp groove, as shown in Figures 14(a), 14(b), 14(e) and 14(f). This peeling occurs because the sum of the bolt clamping force is high (i.e., approaching 960 kN), embedding the zinc coating into the wire strand. Therefore, when the clamp plate slides, the zinc coating peels off from the lamp groove.
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Figure 14: Clamp grooves after antisliding failure. (a) Φ100-1; (b) Φ100-2; (c) Φ116-1; (d) Φ116-2; (e) Φ127-1; (f) Φ127-2; (g) Φ140-1; (h) Φ140-2.
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(b)
Figure 15: Adhesion friction and ploughing effect. (a) Adhesive friction; (b) ploughing effect.


The theory of adhesive friction proposed by Bowden et al. [23] can explain the sliding process of a cable clamp. In this theory, two polished metallic surfaces in contact touch only at the peaks of their asperities, which may be approximately one micron in height. The peaks are crushed and yield plastically until their total area is sufficient to support the load. The peaks of one surface become welded to those of the other so that when a force, the frictional force, is overcome and sliding occurs, the peaks are sheared off and the surfaces are scraped or “plowed,” as shown in Figure 15(a). The peaks on the harder metallic surfaces have a ploughing effect on the softer metallic surfaces. In this case, the frictional force between the two metal surfaces is controlled by two forces: the force required to shear the metallic junctions formed between the surfaces and the ploughing force required to displace the softer metal from the path of the harder metal, as shown in Figure 15(b). The groove of the clamp is coated with a zinc thermal spray, and zinc is much softer than steel wire, so obvious indentations were left on the groove. Thus, the friction force of the cable clamp depends on the ploughing effect.
3.3.2. Antisliding Friction Force and Friction Coefficient
During the test, the jack is loaded in steps, the pushing force is recorded, and the slippage data of the two clamp plates are obtained in real time by the automatic data acquisition system. The pushing force-plate slippage curve of each specimen is shown in Figure 16. Three typical stages in the antisliding test process can be determined:
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(h)
Figure 16: Pushing force vs. plate slippage curve. (a) Φ100-1; (b) Φ100-2; (c) Φ116-1; (d) Φ116-2; (e) Φ127-1; (f) Φ127-2; (g) Φ140-1; (h) Φ140-2.


(1) Nonslip Stage. During the initial pushing stage, the pushing force increases, but the two plates of the cable clamp do not slip.
(2) Antisliding Stable Stage. The slippage of plate A occurs and increases slowly with the increase in pushing force, and plate B slips slightly as well, while the slippage of both plates are very small, not more than 1 mm.
(3) Antisliding Failure Stage. Finally, the pushing force increases continuously until the friction force of the cable clamp is unable to resist, and the slippage of both plates increases significantly. The phenomenon of sliding friction is observed for both plates, and antisliding failure is declared.
The maximum pushing force during the antisliding stable stage is determined as the ultimate antisliding friction force of the cable clamp. After experiencing long-term creep and cable tension, the clamping force of the high-strength bolts becomes stable, and the remaining clamping force of the bolts is defined as the effective bolt clamping force. The cable clamp consists of two plates. When antisliding failure occurs, the two clamp plates work together and both provide friction force. Therefore, when calculating the friction coefficient, both friction surfaces should be considered, as in equation (16); the result of (16) is defined as the comprehensive friction coefficient. The results of the ultimate antisliding friction force, the effective bolt clamping force, and the comprehensive friction coefficient are listed in Table 4 for each specimen. The comprehensive friction coefficient ranges from 0.30 to 0.46, and the ultimate antisliding friction force is positively correlated with the effective bolt clamping force:where  is the comprehensive friction coefficient,  is the ultimate antisliding friction force of the cable clamp, and  is the sum of the effective bolt clamping forces.
Table 4: Ultimate antisliding force and comprehensive friction coefficient.
	

	Specimen	Cable tension force (kN)	Sum of effective bolt clamping force (kN)	Ultimate antisliding force (kN)	Comprehensive friction coefficient
	

	Φ100-1	4240	404.1	282.9	0.35
	Φ100-2	410.4	274.3	0.33
	

	Φ116-1	4277	978.6	591.8	0.30
	Φ116-2	934.4	865.3	0.46
	

	Φ127-1	6756	980.7	723.5	0.37
	Φ127-2	969.0	653.3	0.34
	

	Φ140-1	6511	883.8	717.1	0.41
	Φ140-2	892.2	703.9	0.39
	



3.3.3. Stress Relaxation of High-Strength Bolts
Stress relaxation [24] refers to the phenomenon that as the total deformation (elastic deformation and plastic deformation) of a member remains unchanged, the plastic deformation increases with creep and the elastic deformation decreases correspondingly, causing the stress to slowly decrease and ultimately stabilize. The change in the bolt clamping force was recorded by pressure sensors throughout the test, and the curve of the bolt clamping force vs. time is shown in Figure 17. The creep curve is similar to the natural logarithm curve. The reduction in bolt clamping force decays rapidly in the initial stage of the first two hours, slowly decays in next two hours, and gradually stabilizes after 20 hours. After the decay time exceeds 18 hours, the attenuation curve approaches a horizontal line. When the average percentage of the reduction in the bolt clamping force per hour is less than 1‰, that is, the change per hour is less than 0.2 kN, the influence of these changes can be ignored, and the attenuation is considered stable. After tensioning the cables, the bolt clamping force decreases sharply and then stabilizes at a constant value.
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(h)
Figure 17: Bolt clamping force creep curves vs. time. (a) Φ100-1; (b) Φ100-2; (c) Φ116-1; (d) Φ116-2; (e) Φ127-1; (f) Φ127-2; (g) Φ140-1; (h) Φ140-2.


Cable tension leads to the shrinkage of the cable body, which in turn reduces the preload of the high-strength bolts. The average values of the bolt clamping forces for each stage are listed in Table 5. The results show that from the initial stage to the creep stable stage, the average percentages of the bolt clamping force relaxation range from 25.4% to 29.8%; from the creep stable stage to the cable tension stage, the average percentages of the bolt clamping force relaxation range from 47.0% to 51.5%. In each test, the cable tensioning is divided into 10 stages. The curves of the bolt tightening force applied to the high-strength bolts during the tensioning of the cables are shown in Figure 18. As the figure illustrates, during the process of graded tensioning of the cables, an obvious loss of bolt clamping force occurs and the force decreases linearly with the increase in the tension grade. However, the reduction among the individual bolts varies. The two main reasons for this result are as follows: (1) the bolts are not tightened at the same time, and relaxation occurs in the bolts that are tightened first and (2) a few bolts may be in contact with the walls of the bolt holes in the tightening process, thus affecting the relaxation of the bolt clamping force.
Table 5: Average bolt clamping force at different stages.
	

	Specimen	Average bolt clamping force (kN)	Reduction percentage of bolt clamping force
	Initial stage	Creep stable stage	Cable tension stage	Initial stage	Creep stable stage	Cable tension stage
	

	Φ100-1	234.4	156.6	101.0	—	33.2%	56.9%
	Φ100-2	237.3	158.4	102.6	—	33.3%	56.8%
	Φ116-1	230.8	166.8	122.3	—	27.7%	47.0%
	Φ116-2	229.7	161.1	116.8	—	29.8%	49.1%
	Φ127-1	242.4	173.0	122.6	—	28.6%	49.4%
	Φ127-2	230.7	172.2	121.1	—	25.4%	47.5%
	Φ140-1	228.0	167.7	110.5	—	26.4%	51.5%
	Φ140-2	226.7	168.0	111.5	—	25.9%	50.8%
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(h)
Figure 18: Reduction in bolt clamping force during cable tensioning. (a) Φ100-1; (b) Φ100-2; (c) Φ116-1; (d) Φ116-2; (e) Φ127-1; (f) Φ127-2; (g) Φ140-1; (h) Φ140-2.


3.4. Comparison of Theoretical Model and Laboratory Tests
The specifications of the specimens, mechanical properties of the materials, and comparison results of the theoretical model and the laboratory tests are listed in Tables 2, 3, and 6, respectively. In the theoretical model, the elastic modulus of the cable is reduced to maintain the same equivalent stiffness of the cable section before and after the variation in the cable section areas, and the chamfers at both ends are omitted when calculating the length of the clamp groove. The results show that all the actual attenuation values of the clamping force of a single tested bolt are smaller than the theoretical values. The errors of specimens Φ116 and Φ140 range from 18.0% to 20.1%, but the errors of specimens Φ100 and Φ127 range from 0.6% to 6.2%; these error ranges are quite different.
Table 6: Comparison of theoretical and actual values of the reduction in bolt clamping force with cable tension.
	

	Specimen	Poisson’s ratio of cables	Reduction factor of elastic modulus 	Equivalent elastic modulus (MPa)	Attenuation value of single bolt clamping force  (kN)
	Axial 	Circumferential 	Axial  × 105	Radial  × 105	Circumferential  × 105	Theoretical	Average actual	Error
	

	Φ100-1	0.3	0	0.75	1.20	1.55	1.55	56.16	55.6	1.0%
	Φ100-2	55.8	0.6%
	Φ116-1	0.75	1.20	1.55	1.55	53.2	44.5	19.6%
	Φ116-2	44.3	20.1%
	Φ127-1	0.75	1.20	1.55	1.55	53.5	50.4	6.2%
	Φ127-2	51.0	4.9%
	Φ140-1	0.74	1.19	1.53	1.53	67.5	57.2	18.0%
	Φ140-2	56.4	19.7%
	



The stiffness of a rigid body is considered in the theoretical model; in other words, when the clamp is applied with the bolt clamping force, the clamp will not deform. However, in practice, slight deformation inevitably occurs after the load is applied. As shown in Figure 19, during the beginning of the test, the initial net length of the bolt is a. Then, the high-strength bolts undergo the initial preload, the cable does not undergo applied stress, the clamp plate deforms, and the net length of the bolt is defined as b. After the bolt clamping force stabilizes and the cable is tensioned to the design load, the cable diameter clearly decreases and the net length of the bolt is defined as c. Meanwhile, the bolt clamping force is also reduced, so the deformation of the clamp plate will rebound, and the net length of the bolt is d. This change will lead to the phenomenon that the actual attenuation of the bolt clamping force is lower than the corresponding theoretical value. Therefore, if the stiffness of the cable clamp is lower, the rebound will be larger and the net length of the bolt will be d’, as shown in Figure 19. In this case, the attenuation of the bolt clamping force is much lower than the theoretical value. For clamps with greater stiffness, the rebound deformation is smaller and vice versa. Therefore, when the cable is tensioned, the clamp with a relatively higher stiffness will lose more clamping force than the clamp with a lower stiffness. In this test, because the stiffnesses of the Φ100 and Φ127 clamp plates were clearly higher than those of Φ116 and Φ140, the attenuations of the bolt clamping forces of Φ100 and Φ127 reduced more and were close to the theoretical values.


	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
		
	
		
	
		
	
	
	
	
	
		
	
		
	
		
	
	
	
	
	
		
	
		
	
		
	
	
	
	
	
		
	
		
	
		
	
	
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
	
	
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	

Figure 19: Deformation and rebound of a clamp plate.


In practical engineering applications, the installation of high-strength bolts in cable clamps is usually carried out on the ground for convenience. However, after the structure is completed, the clamps are in the air at a high altitude, so it is difficult to tighten the bolts. Therefore, when designing a cable clamp, the stiffness of the clamp plate should be minimized to reduce the decrease in the bolt clamping force to ensure the bearing capacity.
4. Conclusion
When following Eurocode 3, it is necessary to consider the effect of cable tension and long-term creep to determine the ultimate antisliding force of the cable clamp. Therefore, a theoretical model based on the theory of transversely isotropic material and the generalized Hook’s Law was developed to predict the attenuation of the bolt clamping force of a clamp by considering cable tension. To explore the mechanism of the antisliding performance of cable clamps and verify the theoretical model, an innovative laboratory test was designed and carried out. The following conclusions were drawn:(1)Through the laboratory test, it was determined that long-term creep and cable tension will cause the bolt to attenuate. Both of these factors must be fully considered in the design and testing of cable clamps. The long-term creep curve is similar to the natural logarithmic curve. The attenuation curve with cable tension is approximately a straight line. For a high-strength bolt after installation, it will take approximately 20 hours on average to stabilize. After the creep stabilizes and cable tensioning is performed, the bolt clamping force only slightly changes. The final attenuation of the bolt clamping force is approximately 51%.(2)The antisliding test process for the cable clamp was described by identifying three main typical stages: (1) nonslip stage, (2) antisliding stable stage, and (3) antisliding failure stage. The two plates work together to provide the antisliding force. The comprehensive friction coefficient of the clamp varies from 0.30 to 0.46. Because the antisliding performance of the clamp depends on the ploughing effect, the contact of the surfaces of the clamp groove and the cable body should be sufficient. The machining precision of casting steel, especially the arc surface of the clamp groove, should be guaranteed.(3)The theoretical model can predict the attenuation of the bolt clamping force caused by cable tension. The cable tension force , cable diameter , bolt net length , and the total cross-sectional area of all the bolts  are the key parameters significantly affecting the variation in bolt clamping force, which should be considered carefully when designing cable clamps. When the clamp stiffness is high, the theoretical attenuation calculated by the formula is close to the actual value. When the clamp stiffness is low, the actual attenuation will be approximately 19.3% less than the theoretical value. Therefore, when designing the cable clamp, the thickness of the cover plate should be minimized to avoid using a steel plate with an excessive stiffness.
In summary, with the proposed theoretical model and new laboratory testing approach, acceptable results have been obtained, which are helpful in the design and testing of cable clamps. Based on the test method proposed, more clamp types will be designed for research. Cable clamp optimization will be carried out to improve their antisliding performance.
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